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1CHAPTER 1: INTRODUCTION  
Ticks are obligate blood-sucking ectoparasites that feed on a variety of hosts 
including dogs, cattle, sheep, deer and humans. Ticks are second only to mosquitoes in 
spreading human diseases but are the first and foremost among arthropods in the variety 
of pathogens they spread to livestocks. Ticks belong to the class arachnids and subclass 
acari. Parasitiformes is an order under the subclass Acari. Parasitiformes has a suborder 
called  Ixodida. The suborder Ixodida can be further classified into two major families of 
ticks, the Argasidae (soft ticks) and the Ixodidae (hard ticks). Nuttalliellidae, a third 
family of ticks, also exists but consists of just one species. Argasid ticks feed rapidly and 
do not grow to the extent of ixodid ticks. Hence, argasid ticks consume less blood and 
transmit no or few pathogens. Ixodid ticks on the other hand feed for prolonged periods 
on hosts and transmit several pathogens. Ixodidae ticks are known to vector the causative 
agent of several diseases, including Rocky Mountain spotted fever, Lyme disease and 
ehrlichiosis. Some of the prevalent diseases and the types of pathogens that cause those 
diseases that are transmitted through tick feeding are listed (Table 1). 
Amblyomma americanum, the lone star tick is an ixodid tick that feeds for long 
durations on the host. A typical lone star female tick increases from about 4 mg (unfed) 
to about 40 mg after 6 days of feeding. After 12 days of feeding it weighs approximately 
150 mg. Then it enters a fast feeding stage, engorges to repletion within 24-48 h, attains a 
weight of approximately 600 mg, and then falls off the host (Figure 1). 
2Tick salivary glands (TSGs) play a central and crucial role in the success of tick 
feeding on the host [1]. A tick has a pair of acinous salivary glands located in the anterior 
end that look like clusters of grapes (Figure 2). TSGs are the major route of secretion of 
several factors, which challenge the host immune, inflammatory, blood clotting and pain 
producing responses by counteracting host platelet aggregation, coagulation and 
vasoconstriction [2, 3]. This enables ticks to feed for long periods on the host with no or 
minimal host grooming. As ticks feed, TSGs undergo enormous growth and 
differentiation without actually increasing in cell number [1]. TSGs in females consist of 
three types of acini, namely, acini I, II and III. Acinus type I is agranular and does not 
undergo much growth. Acinus I does not undergo marked growth during tick feeding. 
Acinus I is thought to secrete a hygroscopic material that aids in the absorption of water 
vapor from unsaturated air during non-feeding stages of tick life cycle. Both acini types II 
and III, especially acinus III, on the other hand, grow substantially in size and protein 
content. Acini II and III are granular and are active in secretion from TSGs. Acinus III is 
the most abundant among the three acini present in the salivary glands. Acinus III can be 
differentiated from acinus II by the presence of a large lumen when compared to acinus 
II. In addition to acini I, II and III the males have a fourth type of acinus, namely acinus 
IV, which is also granular. 
Secretion by the TSGs is controlled by nerves [1]. Dopamine, a neurotransmitter 
is a potent stimulator of fluid secretion. Dopamine binds to a D1-type G protein coupled 
receptor [4, 5] and stimulates adenylate cyclase (AC), which leads to an increase in the 
level of cAMP. cAMP stimulates the phosphorylation of several proteins, which regulate 
the fluid secretion. Dopamine, in addition to activating AC, also increases the level of 
3Ca2+ within the cell by opening a voltage gated Ca2+ channel [6]. This increase in Ca2+ 
activates phospholipase A2 (PLA2) that leads to an increase in free arachidonic acid (AA) 
levels. AA is converted to prostaglandin E2 (PGE2) by the cyclo-oxygenase pathway. 
PGE2 then is secreted into the saliva. PGE2, in addition, has an autocrine or paracrine role 
[7]. It binds to a specific PGE2 receptor and stimulates PLC to form inositol triphosphate 
(IP3), which binds to an IP3 receptor on the endoplasmic reticulum. This causes an efflux 
of Ca2+ into the cytosol, which then leads to vesicle mediated exocytosis or regulated 
exocytosis, which results in membrane fusion and subsequent protein secretion (Fig: 3).  
It has now been well established in the majority of secretory tissues of various 
organisms that the vesicle mediated protein secretion occurs with the help of proteins 
called Soluble-N-ethylmaleimide sensitive factor Attachment protein Receptors 
(SNAREs) [8]. Recently, it was shown that SNARE proteins are being expressed in the 
TSGs of the female A.americanum ticks [9]. In addition to the protein release, ticks, as 
mentioned above, secrete large volumes of fluid and ions back into the host thereby 
concentrating the blood meal. This means there should be key ion and water transporting 
channel proteins present on the TSG membrane that are functionally important in 
maintaining the membrane potential and controlling the cell volume. Thus, it is evident 
that both the SNARE proteins and ion transporting enzymes must be functionally active 
for the ticks to salivate and feed normally on the host. Most of the proteins involved in 
this process are yet to be identified. Cloning the genes encoding these key proteins and 
analyzing the functions performed by these proteins in TSGs might be of great help in 
better understanding the process of tick feeding and growth. If these proteins are found to 
be important for tick feeding, they could potentially serve as targets for vaccine 
4development against ticks, thereby blocking or inhibiting the pathogenic effects of tick 
feeding. 
RNA interference: 
RNAi is a gene silencing process that occurs in a wide range of organisms 
including fungi, insects, worms and mammals. In fungi the term quelling often denotes 
this process. RNAi is similar to the Post Transcriptional Gene Silencing [PTGS] process 
occurring in plants [10]. It has been shown that both in RNAi and PTGS the inducer is 
the same molecule, double stranded RNA (dsRNA). Moreover both these processes share 
key components in their mechanisms of action [11, 12]. The term RNAi was coined after 
studies in C. elegans showed that injection of double stranded RNA (dsRNA) led to 
specific silencing of genes similar or homologous in sequence to the injected dsRNA 
[13]. Since then RNAi has been extensively studied in different organisms and recently 
this area has been undergoing an explosion in information. The advent of functional 
genomics has led to identification and sequencing of many, if not all of the genes present 
in an organism. This has led to the identification of thousands of genes in a variety of 
organisms which encode proteins of unknown function. The specificity and simplicity in 
the mode of action of RNAi has provoked scientists to utilize this technique to silence or 
knock down target gene expression over the cumbersome classical genetic approach. By 
observing phenotypic effects of this treatment, one may be able to assign functions for 
several of these genes encoding proteins of unknown functions. 
Mechanism of RNAi: 
The inducers of RNAi are dsRNAs [14]. An RNaseIII-like enzyme called DICER 
cleaves dsRNA. DICER cleaves dsRNA into small RNAs of 21-25 nt in length. This 21-
525nt small RNA is called small interfering RNA (siRNA) [15, 16]. siRNA, then, acts as a 
guide for the remaining steps of RNAi [17]. siRNA interacts or binds to unidentified 
proteins to form a ribonucleoprotein complex termed as RNAi silencing complex [RISC]. 
This then binds to the target mRNA of perfect complementarity and leads to it’s 
degradation. Recently, functionality of RNAi in tick salivary glands was demonstrated 
successfully which showed that RNAi could be effectively used to study functions of 
proteins in TSGs [18]. 
Micro RNAs (miRNAs) are also short interfering RNAs that have been shown to 
play a role in gene silencing [19]. siRNAs are produced from the target gene itself, for 
example, a double-stranded virus, transposons or transgene. Micro RNAs , on the other 
hand, are produced from self-complementary transcript regions within an organism that 
are non-protein coding. Both siRNAs and miRNAs are produced by the action of Dicer, 
probably by two different homologs, Dicer1 and Dicer2 [20]. Once the small RNAs are 
produced, they become associated with proteins to form the RISC as described above. 
siRISC binds to a target gene of absolute gene specificity (the same sequence as the 
dsRNA) whereas miRISC binds to target genes with partial sequence specificity and 
results in translational repression of that particular gene rather than mRNA degradation as 
in the case of siRISC (Figure 4).  
We performed RNAi, both in vitro and in vivo by either soaking TSGs in a 
solution containing dsRNA of the target gene (Figure 5A) or by injecting or soaking 
unfed adult ticks with the dsRNA of the target gene (Figure 5B). The extent of silencing 
was then measured by monitoring for reduction in transcript and protein level of the 
target protein, in addition to aberrant feeding phenotypes in vivo.
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9Figure Legends: 
Table 1: Tick- borne diseases that are prevalent in the U.S.A and the pathogens that are 
the causative agents of the diseases. 
Figure 1: The growth pattern of a lone star A. americanum female tick from its unfed 
adult stage to repletion stage. A. Unfed stage, B. 6 days of feeding, C. 12 days of feeding, 
and D. 13 days of feeding (repletion). 
Figure 2: Photograph of the salivary glands within a female A. americanum tick. Salivary 
glands are located in the anterior end of the tick. The position of the gut and oxygen 
supplying trachea are also noted. 
Figure 3: Overview of the process of protein and fluid secretion in TSGs. Adopted from 
Sauer et al [21]. 
Figure 4: Synthesis of siRNA and miRNA from dsRNA and the subsequent incorporation 
into siRISC and miRISC, respectively. Step 1: dsRNA is recognized and bound by 
DICER and is broken down into siRNA or miRNA. Step 2: siRNA or miRNA is acted 
upon by a helicase leading to strand separation. Step 3: One of the two strands is 
incorporated with a protein complex leading to the formation of siRISC or miRISC. 
siRISC binds to the mRNA of absolute sequence similarity and leads to its degradation. 
miRISC binds to an mRNA with partial sequence homology and leads to its translational 
repression. 
Figure 5:  A depiction of the RNAi experiments performed in vitro and in vivo.
A: Unfed female ticks were fed on sheep. Partially fed ticks (50-200 mg) were removed 
from the sheep and left glands were incubated with buffer and right glands with dsRNA. 
10
The transcript levels, protein levels, and protein functions were analyzed and compared 
between the buffer incubated and dsRNA incubated glands. 
B: Unfed female ticks were injected with either dsRNA or buffer. The buffer injected and 
dsRNA injected ticks were fed on the same sheep on adjacent cells. Partial fed ticks were 
removed and the transcript levels, protein levels, and protein functions were analyzed and 
compared between the salivary glands of the buffer injected and dsRNA injected ticks. 
Also, feeding abnormalities of ticks injected with dsRNA were monitored.  
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Table 1 
 
South Central, Northeast, Middle 
 Atlantic rickettsia 
Erhlichia 
chaffiensis 
Ehrlichiosis 
Southeast, West, Northeast, South  
Central rickettsia 
Rickettsia 
rickettsiae 
Rocky 
Mountain 
spotted 
fever 
AR, MO, OK bacteria 
Francisella 
tularensis 
Tularemia 
Northeast, WI, MN, CA bacteria 
(spirochete) 
Borrelia 
burgdorferi 
Lyme 
disease 
Range (U.S.A) Type Microbe Disease 
protozoa Babesia 
species 
Northeast, North Central, Northwest Babesiosis 
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Figure 1 
 
A-Unfed             B- 6 days            C-12 days                 D- 13 days
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Figure 2 
 
Right salivary gland 
 
Left salivary gland 
Trachea 
Tick gut 
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Figure 3 
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Figure 4 
 
A helicase binds to siRNA or 
miRNA and causes unwinding of 
strands 
dsRNA with DICER; 
DICER 1 in the case of miRNA 
generation and DICER 2 in the 
case of siRNA formation 
ATP 
ADP+Pi 
Strand separation 
miRNA formation siRNA formation 
siRISC miRISC 
Step 1 
Step 2 Step 2 
Step 3 Step 3 
mRNA degradation                                                    translational repression 
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Figure 5A 
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Figure 5B 
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Objectives: 
1. Better understand the process of regulated exocytosis in the female lone star tick 
salivary glands using RNA interference (RNAi). 
2. Dissect of the process of fluid secretion from the tick salivary glands thereby 
identifying key proteins in this process. 
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CHAPTER 2: OBJECTIVE 1 
SNARE Proteins: 
SNARE proteins represent a group of membrane proteins that are thought to play 
crucial roles in the process of membrane fusion and exocytosis [1, 2]. Depending on the 
membrane they are associated with, SNAREs are classified into target SNAREs (t-
SNARE) and vesicle SNAREs (v-SNARE). Key known t-SNAREs are syntaxin and 
Synaptosome Associated Protein (SNAP25) in the neuronal cells and sec9p and ssop in 
yeast cells. The key known v-SNARE is synaptobrevin (vamp2) in neuronal cells and 
Snc2p in yeast cells. SNARE proteins have characteristic heptad repeats of about 60 
amino acids, which are predicted to form coiled coils. 
SNARE proteins, while regulating the process of membrane fusion and 
exocytosis, are thought to interact with many other SNARE and non-SNARE proteins. 
There was early debate among scientists whether SNARE proteins represent the minimal 
fusion machinery. In the recent past there has been an increase in evidence supporting the 
hypothesis that SNAREs are key but not sole components in the process of membrane 
fusion. The process appears to require the function of other proteins that interact with 
SNAREs [3, 4, 5, 6, 7]. 
Sequence analysis of SNARE proteins from different species has shown 
significant sequence variability among the members of the group from various species at 
the amino acid level. However, SNAREs identified to date all have a central ionic region 
characterized by one or more glutamine(s) in both syntaxin and SNAP25 and one or more 
20
arginine(s) in synaptobrevin [8]. At some stage during vesicle exocytosis, SNAREs 
assemble into a tight complex called the SNARE complex. These SNARE complexes are 
SDS-resistant but heat sensitive. The ionic groups present in all SNAREs are thought to 
play a role in protein-protein interactions [9, 10]. In addition to SNARE-SNARE 
interaction there are several other proteins that interact with SNAREs [11]. A particular 
group of protein called the Sec1/munc18-like (SM) proteins, such as n-Sec1, binds to 
SNAREs, particularly syntaxins, to regulate their action [12, 13]. For example n-Sec1 
binds to syntaxin and promotes the process of exocytosis. In addition to SM proteins, 
SNAREs have been found to interact with epithelial sodium channels and Ca2+ channels 
[14, 15]. It is now known that fusion of SNARE proteins and formation of one SNARE 
complex alone does not provide sufficient energy for the fusion reaction to take place. 
Rather, several SNARE complexes are formed which interact with Ca2+ channels, in 
forming pores and cause an increase in Ca2+ levels within the cell. Thus, it is becoming 
clear that though SNAREs play a prominent role, they require the assistance of several 
other proteins in the process of membrane fusion. The process of vesicle mediated 
exocytosis regulated by the functions of SNARE and SNARE associated proteins are 
summarized below (Figure 1) [16]. 
Of the key SNARE and SNARE associated proteins, we were able to clone two 
partial cDNA fragments from TSGs with one showing identity to the key v-SNARE 
synaptobrevin and the other to the SM protein n-Sec1 at the amino acid level. Once 
cloned, the next step in the project was to analyze the functions performed by both these 
proteins within the salivary glands. We took advantage of the simplicity, reliability and 
21
quickness of RNA interference (RNAi) and exploited this technique to identify the 
functions of these proteins in TSGs. 
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Figure legends: 
Figure 1: SNARE–mediated exocytosis: a model [16]. The SM protein n-Sec1 is bound to 
the t-SNARE syntaxin. At appropriate conditions, n-Sec1 dissociates from syntaxin and 
this requires the GTP binding protein Rab. Once syntaxin is free, syntaxin, SNAP 25 and 
synaptobrevin/vamp bind to form a core complex. This complex tethers the vesicle to the 
plasma membrane and leads to subsequent fusion and release of vesicular contents. Post 
release, cytoplasmic proteins O-SNAP and NSF bind to the complex. NSF hydrolyzes 
ATP and this causes the release of independent SNARE proteins for subsequent cycles of 
membrane fusion. 
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Amblyomma americanum salivary glands: Double-stranded RNA-mediated gene 
silencing of synaptobrevin homologue and inhibition of PGE2 stimulated protein 
secretion (Published in the Journal of Insect Biochemistry and Molecular Biology) 
Abstract 
 Protein secretion into the saliva from the tick salivary glands is due to  exocytosis 
of vesicular membrane bound granular material regulated by SNARE complex proteins 
after salivary gland stimulation by PGE2 (Karim et al., 2002).  Proteins associated with 
vesicles (v-SNAREs) are essential components of the exocytotic process.  Synaptobrevin 
is a key v-SNARE in all secreting cells studied to date. A vesicle associated 
synaptobrevin cDNA fragment homologue from the salivary glands of partially fed lone 
star tick females was cloned and sequenced.  Double-stranded (ds) RNA interference 
(RNAi) is an effective method to silence specific gene expression.  The functional role of 
synaptobrevin in protein secretion in partially fed tick salivary glands was studied with an 
in vitro RNAi method.  Incubation of isolated salivary glands with double-stranded RNA 
(dsRNA) transcribed from a tick salivary gland synaptobrevin cDNA fragment resulted in 
decreased expression at the transcript, a reduction in the level of synaptobrevin protein 
and inhibition of PGE2 stimulated anticoagulant protein secretion by isolated salivary 
glands.  We demonstrate the applicability of RNAi for studying individual steps in the 
mechanism of PGE2 stimulated exocytosis in the salivary glands of ixodid ticks.   
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Introduction 
 Salivary glands are crucial to the ability of ixodid ticks to feed successfully.  As 
feeding progresses the rate of salivary fluid secretion increases greatly, enabling the tick 
to concentrate the blood meal by returning excess water and ions to the host.  In addition, 
bioactive proteins (e.g. anticoagulants, anti-inflammatory proteins and 
immunosuppressants) and prostaglandins are secreted as components of saliva to 
modulate interactions of the tick with the host (Sauer et al., 1995; Bowman et al., 1997).  
A local hormone role for prostaglandins is suggested by the presence of a specific PGE2
receptor in the salivary glands of female lone star ticks (Qian et al., 1997).  This PGE2
receptor is linked with mobilization of Ca2+ via a phosphoinositide signaling pathway and 
is associated with stimulation of protein secretion (Qian et al., 1998, Yuan et al., 2000).  
Highly conserved intracellular SNAREs [Soluble N-ethylmaleimide-sensitive factor 
protein (NSF) attachment protein receptors] are associated with the mechanism of protein 
secretion in all secretary cells studied to date (Rizo and Sudhof, 2002).   Members of this 
class of proteins are distributed in distinct sub cellular compartments.  Intracellular 
SNAREs can be divided into two categories, the v-SNAREs located on carrier vesicles 
and the t-SNAREs present on target compartments.  Assembly of cognate v- and t- 
SNARE proteins promotes the formation of extremely stable core complexes, and serve 
as functional receptors for cytosolic factors necessary for vesicle transport and vesicle 
fusion, NSF and soluble NSF attachment proteins (SNAPs) (Söllner et al., 1993).  
Besides SNAPs and NSF, various other molecules such as monomeric G-proteins are 
known to regulate SNARE protein interactions and activity (McMahon et al., 1995; Fujita 
et al., 1998; Beites et al., 1999; Lao et al., 2000).  Significantly, SNARE complex 
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proteins have been identified in the salivary glands of the lone star tick.  Antibodies for 
SNARE complex proteins inhibit PGE2-stimulated secretion of anti-coagulant protein in 
permeabilized tick salivary glands (Karim et al., 2002).    
RNA interference (RNAi), through the injection of a sequence specific double 
stranded RNA (dsRNA) into an organism, or incubation of tissues with the dsRNA offers 
a method of specifically inactivating expression (gene silencing) of the corresponding 
gene and thereby allows for an opportunity to investigate the corresponding proteins 
function (Carthew, 2001).  RNAi was first observed in Caenorhabditis elegans by Fire et 
al., (1998) who demonstrated that the introduction of dsRNA into the cells inactivated the 
expression of the corresponding gene.  Subsequently, it was found that gene silencing is 
physiological and occurs in many organisms from fungi to animals and that the process 
can be exploited to selectively “knock down” specific gene function (Sharp, 1999; 
Misquitta & Paterson, 1999; Catalanotto et al., 2000; Hammond et al., 2000).  Our 
mechanistic understanding of RNAi derived mainly from biochemical work in cell 
extracts from different organisms (Hannon, 2002).  The dsRNA-induced degradation of 
homologous RNAs can be divided simplistically into initiation and effector steps 
(Bernstein et al., 2001; Denli et al., 2003; Hannon, 2002; Cerutti, 2003).  In the initiation 
step, a long dsRNA is processed into small interfering RNAs (siRNA) of about 21-23 nt 
(Zamore et al., 2000).  This cleavage requires ATP and it is mediated by an RNase-III 
like dsRNA-specific ribonuclease, named Dicer in Drosophila (Zamore et al., 2000; 
Bernstein et al., 2001).  In the effector step, the complex, known as the RNA-induced 
silencing complex (RISC) (Hammond et al., 2000) is proposed to undergo an ATP-
dependent activation step that results in the unwinding of the double-stranded siRNA 
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(Nykanen et al., 2001).  Activated RISC uses a single stranded siRNA as a guide to 
identify complementary RNAs (Nykanen et al., 2001; Martinez et al., 2002), and an 
endoribonuclease that has yet to be identified cleaves the target RNA across from the 
center of the guide siRNA (Hammond et al., 2000; Martinez et al., 2002; Elbashir et al., 
2001).  Finally, the cleaved RNA is thought to be degraded by exonucleases (Hammond 
et al., 2000).  In this study, an exocytotic v-SNARE cDNA fragment of synaptobrevin 
was cloned and sequenced from partially fed ixodid tick salivary glands.  We examined 
whether the corresponding dsRNA reduced expression of synaptobrevin mRNA and the 
synaptobrevin transcript in isolated salivary glands.  We then investigated whether this 
treatment affected the ability of PGE2 to stimulate anticoagulant protein secretion in 
isolated salivary glands.   
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Materials and methods 
Materials   
 Restriction enzymes, Taq DNA polymerase, kits for plasmid DNA and 
polymerase chain reaction (PCR) products were purchased from Invitrogen (Carlsbad, 
CA, USA) and Qiagen (Valencia, CA, USA).  Antibodies to rat synaptobrevin (rabbit: 
polyclonal), Rabbit IgG-HRP and rat brain tissue were purchased from StressGen 
(Victoria, BC, Canada).  Mineral oil was obtained from Sigma (St. Louis, MO, USA). 
2.2 Tick Rearing 
 Amblyomma americanum (L.) ticks were reared at Oklahoma State University’s 
tick rearing facility, according to the methods of Patrick and Hair (1975).  Immature ticks 
were fed on rabbits and adult ticks on sheep.  All unfed ticks were maintained at 27-28°C
and 90% relative humidity under 14h light/10h dark photoperiod before infestation of the 
hosts.  Partially fed females were dissected within 4 h of being removed from the host. 
2.3  Salivary glands 
 Tick tissues were dissected in ice-cold Medium-199 (Sigma) with Hanks’ salts 
and 20 mM MOPS buffer (pH 7.0), 0.10 g/l streptomycin sulfate and 0.03 g/l penicillin.  
After removal, glands were washed gently in the same ice-cold buffer.  The dissected 
tissues were immediately stored in RNAlater (Ambion, Austin, TX, USA) after dissection 
prior to isolating total RNA.  Tissues were used immediately after dissection or stored at -
70°C in 0.5 M piperazine N, N-bis-2-ethane sulfonic acid, pH 6.8, containing 20 mM 
EGTA, 1X CompleteTM Mini Protease inhibitor cocktail (Roche, Indianapolis, IN, USA) 
and 40% glycerol for Western blotting.  All other manipulations were carried out at 4°C.    
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Synthesis of tick salivary gland synaptobrevin cDNA and RT-PCR 
 Using a tick specific EST575569 sequence (Accession No. BM292709) for 
synaptobrevin (Nene et al., 2002), gene specific primers were designed to amplify a 
cDNA fragment from salivary glands of the lone star tick.  Total RNA was isolated from 
the salivary glands using an RNAqueousTM total RNA isolation kit (Ambion).  
Concentration of total RNA was determined spectrophotometrically at 260 and 280 nm, 
aliquoted and stored at -80°C before use. Total RNA was reverse transcribed using M-
MLV (Moloney Murine Leikemia virus) reverse transcriptase according to the Invitrogen 
protocol.  For each set, cDNA was PCR amplified using gene specific primers (GSP) for 
both synaptobrevin (forward 5’-CCAACCCAACAGACAAGAGAA-3 and reverse 5’-
GGATTAGCATCTCTCCACAC-3’) and human V-actin primers (Stratagene, La Jolla, 
CA, USA) as the control by using a PCR program of 94C for 4 mins, 35 cycles of 94C
for 30 secs, 60C for 30 secs and 72C for 30 secs. 
2.5  Cloning and sequencing  
 After PCR amplification, gel-purified fragments were cloned into the pCR-II 
vector using a T/A cloning Kit (Invitrogen).  Recombinant plasmids were then 
transformed into TOP 10F’ One Shot Competent Cells and cultured on agar plates 
containing 50 µg/ml ampicillin, 0.2mM IPTG and 40 µg/ml X-gal for selection and 
amplification.  White colonies (10) were picked from these plates and then grown in 
Luria Broth (LB) containing 50 µg/ml ampicillin.  Plasmid DNA was purified with a 
Qiaprep spin Miniprep plasmid kit (Qiagen).  Cloned recombinant plasmid DNA (250 
ng) was tested for the presence of an insert by comparing its migration to the vector 
plasmid alone on 2% agarose gel electrophoresis; positive clones were then digested with 
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EcoRI and the product analyzed again by agarose gel electrophoresis to verify the insert.  
Recombinant plasmids were sequenced at the OSU Protein/Nucleic Acid Resource 
Facility from the T7 promoter using an ABI 373A automated DNA sequencer and 
Prism Ready Reaction Dyedeoxy Terminator Cycle Sequencing Kit (Perkin-Elmer, 
Norwalk, CT, USA).  The resulting sequences were used to search the DNA and protein 
databases.   
dsRNA in vitro synthesis and incubation with tick salivary glands 
 The synaptobrevin cDNA-containing plasmids with inserts in opposite orientation 
were linearized by digesting with HindIII enzyme and precipitating with ethanol.  
Precipitated plasmid DNA was used as template for in vitro transcription using a 
MEGAscript kit (Ambion) following the manufacturer’s instructions.  The resulting 
dsRNA was analyzed by agarose gel electrophoresis to verify their size and if it was 
double stranded.  Plasmids containing HBP (Histamine binding protein) inserts were 
digested with KpnI and XhoI.  The digested plasmids were precipitated with ethanol and 
used as templates for in vitro transcription.  The two single stranded RNA’s were mixed 
together and incubated at 65°C for 5 minutes and later left to anneal at room temperature 
for 4 hours.  All in vitro experiments were confirmed for specificity by using V-Actin and 
V subunit of NaK ATPase expression as negative controls for non-specific interference.  
In all experiments, right and left salivary glands from 20 partially fed female ticks were 
pre-incubated separately for 6 hrs at 37°C with 25 µg of dsRNA in TS/MOPS or 
TS/MOPS alone prior to analysis of synaptobrevin mRNA by RT-PCR or protein by 
Western blot.  Integrated fluorescent intensity of bands was compared with a gel 
documentation system from Bio-Rad (Hercules, CA, USA). 
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Western blotting 
 Female tick salivary glands (20) were homogenized in ice-cold extraction buffer 
[(PBS, 1 mM-dithiothreitol, 2.5 mM EGTA, 1X CompleteTM Mini protease inhibitor 
cocktail) (Roche)].   Homogenized salivary glands were sonicated for 1 minute.  Protein 
concentration in all samples was estimated by the Bradford method (1976).  The protein 
standards used for SDS-PAGE were low molecular weight range from Bio-Rad.  Tick 
salivary gland protein extracts (50 µg each) were separated by 10% SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE) (Laemmli, 1970) and then transferred onto 
nitrocellulose membranes in a Transblot cell (Bio-Rad) following the manufacturer’s 
instructions.  The transfer buffer consisted of 25 mM Tris HCl, 192 mM glycine in 20% 
methanol.  Nonspecific protein binding sites were blocked with 5% skim milk and the 
membranes were incubated with the polyclonal synaptobrevin antibody (StressGen) at 
dilutions of 1:2000.  The antigen-antibody complexes were visualized with horseradish 
peroxidase-conjugated anti-rabbit IgG (StressGen) at a dilution of 1:10000 and detected 
with SuperSignalR chemiluminescent substrate (Pierce, Rockford, IL, USA) on x-ray 
film. 
Exocytosis of anticoagulant protein 
 The right and left salivary glands from 8 partially fed female ticks were divided 
into two tissue sets where one gland from each tick was used as the control and the other 
gland for the treatment set.  Dissected salivary glands were pre-incubated with 
synaptobrevin dsRNA or dsRNA for the histamine binding protein for six hours at 37°C, 
other control glands were incubated in dissecting buffer alone.  After incubation with 
dsRNA or buffer alone, glands were centrifuged for 1 min at 1000xg and then stimulated 
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with PGE2 (0.1µM) for 5 minutes at room temperature.  Glands were centrifuged at 
1000xg for 1 minute and the supernatant used for determination of anticoagulant activity 
by the activated partial thromboplastin assay (APTT, intrinsic pathway) as described by 
Zhu et al., (1997).  Time to initiation of coagulation (Vmax) was determined by SoftmaxR
PRO (Molecular Devices, Sunnyvale, CA, USA) software using a THERMO MAX plate 
reader (Molecular Devices).  Each experiment was repeated three times.     
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Results 
 We previously demonstrated that vesicle-associated plasma membrane protein 
(VAMP or synaptobrevin) is present in salivary glands of the lone star tick (Karim et al., 
2002).  We amplified a cDNA for it using primers based upon the sequence of an EST 
from Amblyomma variegatum (Nene et al., 2002).  The amplified 350 bp fragment 
(Figure 1A) was cloned in a TOPO TA cloning vector and sequenced.  We also amplified 
750 bp fragment of V-Actin (Figure 1B) and used it as control in all of our experiments.  
A search of the databases using BlastX (www.ncbi.nih.gov) demonstrated the sequence 
had 65% identity to human synaptobrevin at the amino acid level (Figure 1C).     
 The hallmarks of RNAi are its specificity, simplicity and the ease by which the 
method can be applied to an organism in vitro or in vivo (Fjose et al., 2001).  Salivary 
glands incubated for 6 hrs with dsRNA, produced from the putative synaptobrevin gene 
clone from salivary glands of female lone star tick, demonstrated ~50% decrease in the 
synaptobrevin transcript (Figure 2A).  The level of V-actin transcript as a negative control 
remained the same in the experimental and control groups (Figure 2B).  Interestingly, 
when salivary glands were incubated with 10 µg of synaptobrevin dsRNA for 12 hrs, it 
reduced the synaptobrevin transcript level more than 90% at 27 PCR cycles (Fig. 3) but 
less at 35 cycles (data not shown).  The level of V-subunit of NaK ATPase as well as V-
Actin transcripts remained the same in experimental and control groups (Fig. 3).    
Further, salivary glands demonstrated less synaptobrevin protein as determined by 
Western blot analysis in dsRNA pre-incubated glands in a dsRNA dose-dependent 
manner (Fig. 4A & B).  A dsRNA amount of 25 µg was able to maximally inhibit 
detectable synthesis of synaptobrevin protein. 
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We have previously shown that saliva of female lone star ticks contains 
anticoagulant protein (Zhu et al., 1997).  Regulated exocytosis of anticoagulant protein in 
salivary glands is stimulated by PGE2 (Yuan et al., 2000).  To determine whether the 
RNAi of v-SNARE synaptobrevin expression affects anticoagulant secretion, glands were 
incubated with synaptobrevin dsRNA for 6 hrs at 37°C.  Glands were washed with buffer 
and then stimulated with 0.1 µM PGE2. PGE2-stimulated secretion of anticoagulant 
protein in salivary glands was inhibited 47% after glands had been pre-incubated with 
synaptobrevin dsRNA as compared to controls (Figure 5).  As a negative control and to  
confirm specificity of the dsRNA for synaptobrevin on anticoagulant protein secretion, 
glands were incubated with dsRNA for another secreted protein (HBP) for 6 hrs at 37°C 
(Aljamali et al.,2003).  Glands were washed and stimulated with PGE2 as described 
above.  In this case, there was no difference in anticoagulant protein secretion between 
HBP dsRNA incubated glands and the glands incubated without dsRNA (data not 
shown).       
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Discussion 
 The above results demonstrate that incubation with dsRNA is an effective method 
for reducing gene expression in tick salivary glands.  This method is specific, affecting 
only the gene targeted for disruption, and can be used to target genes in secretary tissue 
such as salivary glands.  There is great interest in exploiting RNAi via the use of double-
stranded RNA (dsRNA) as a means of assessing specific function(s) of individual genes 
(Hannon, 2002).  Synaptobrevin is a v-SNARE protein thought to play a key role in the 
process of exocytotic protein secretion in secretary cells (Baumert et al., 1989).  
Synaptobrevin is present in the salivary glands of partially fed female lone star ticks and 
shown to be important in the process of exocytotic protein secretion in the salivary glands 
(Karim et al., 2002).  In the present investigation the addition of dsRNA of the 
corresponding cDNA fragment of synaptobrevin to the tick salivary glands resulted in 
inhibition of PGE2 stimulated protein secretion and considerable decrease in the 
synaptobrevin transcript and encoded synaptobrevin protein.  Incubation of salivary 
glands with dsRNA for a secreted protein, HBP, had no affect on the secretary process.             
Although substantial inhibitory effects were observed with a high concentration (25 µg)   
of dsRNA to synaptobrevin, 100% reduction in all three parameters could not be 
achieved.  The lack of complete inhibition of the secretary process could be due to 
several factors including absence of all features of the RNAi pathway found in other 
eukaryotic cells or the presence of other isoforms of synaptobrevin in the salivary glands. 
The mechanism of RNAi is still poorly understood but evidence indicates that cleavage 
of the target RNA occurs only in the region corresponding to the input dsRNA (Zamore 
et al., 2000).  It is assumed that once cleaved, the transcript is susceptible to degradation 
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by nonspecific RNases.  Little is known about the optimal sequence and conformation of 
the target mRNA that renders it susceptible to interference by a dsRNA molecule.  We 
chose to use a dsRNA of 350 nucleotides.  Since there is evidence that increasing the 
length of dsRNA increases the potency in mediating RNAi in Drosophila (Tuschl et al., 
1999; Yang et al., 2000), it may be that a longer transcript of dsRNA would enhance the 
inhibition of protein secretion by tick salivary glands.  This study supports other evidence 
that RNA interference can be triggered in tick salivary glands by dsRNA (Aljamali et al., 
2003) and adds support to the hypothesis that a synaptobrevin homologue plays a key 
role in protein secretion in ixodid ticks.  The results reported here also establish RNAi by 
incubation as method for inhibiting gene function in tick salivary glands.  The ease and 
specificity by which synaptobrevin protein can be effectively “knocked down” in tick 
salivary glands makes this an ideal system for studying the mechanism of protein 
secretion in tick salivary glands.     
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Figure legends 
Figure 1: RT-PCR of cDNA from partially fed tick salivary glands using synaptobrevin 
and V-actin gene specific primers. (A) 1. Low DNA MassTM ladder 2. tick salivary gland 
synaptobrevin, (B) 1. Low DNA MassTM ladder, 2. tick salivary gland V-actin. (C): 
Amino acid blast alignment between the cloned female Amblyomma americanum (A.a.) 
tick salivary gland synaptobrevin and corresponding part of Homo sapiens (H.s.) 
 (Score = 108 bits (270). E value = 2 x 1023 
Identities = 46/70 (65%), Positives = 58/70 (82%)) 
Figure 2: In vitro RNAi in the salivary glands. RT-PCR of total RNA prepared from 
salivary glands using synaptobrevin (A), Lane 1, Low DNA MassTM Ladder, 2. Control 
salivary glands, synaptobrevin transcript, 3. dsRNA treated glands, synaptobrevin 
transcript  and V-actin GSPs. (B) Lane 1, Low DNA MassTM Ladder, 2. Control salivary 
glands, V-actin transcript, 3. dsRNA treated salivary glands, V-actin transcript,  C) 
Integrated fluorescence intensity of the synaptobrevin bands in control and dsRNA 
treated salivary glands.  Results are mean ± S. E., n=3. 
Figure 3: Genetic specificity of RNAi in tick salivary glands to corresponding cDNA of 
synaptobrevin. A) RT-PCR of total RNA prepared from salivary glands, treated with 
synaptobrevin dsRNA , Lane 1, Low DNA MassTM Ladder, 2. Control salivary glands, 
synaptobrevin transcript, 3. dsRNA treated glands, synaptobrevin transcript, 4. Control 
salivary glands, NaK ATPase transcript, 5. synptobrevin dsRNA treated glands, NaK 
ATPase transcript. B). RT-PCR of total RNA prepared from salivary glands treated with 
NaK ATPase dsRNA, 1. Low DNA MassTM ladder, 2. Control salivary glands, NaK 
ATPase transcript, 3. NaK ATPase dsRNA treated glands, NaK ATPase transcript, 4. 
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control salivary glands, synaptobrevin transcript, 5. NaK ATPase dsRNA treated glands, 
synaptobrevin transcript.  
Figure 4: Western blot analysis of the tick salivary glands incubated with two 
concentrations of synaptobrevin dsRNA in vitro A) 15 µg synaptobrevin dsRNA , 1. 
Control, rat brain, 2. control salivary glands, 3. synaptobrevin dsRNA incubated salivary 
glands B) 25 µg synaptobrevin dsRNA, 1. Control salivary glands and 2, synaptobrevin 
dsRNA incubated salivary glands.  
Figure 5: Inhibition of the 0.1 µM PGE2 stimulated anticoagulant protein secretion 
(compared to uninhibited control) in isolated whole salivary glands after 6 hours pre-
incubation of salivary glands with dsRNA for corresponding cDNA fragment of 
synaptobrevin.  Results are mean ± S.E., n = 3. 
45
C
A. a.:3 ICFKVKTTAPKRYCVRPNSGILEPKQAVQVAVMLQPFEYDPTEKNKHKFMVQTMIAPDGD 182 
 +CFKVKTTAP+RYCVRPNSGI++P   V V+VMLQPF+YDP EK+KHKFMVQT+ AP    
H. s:40 VCFKVKTTAPRRYCVRPNSGIIDPGSTVTVSVMLQPFDYDPNEKSKHKFMVQTIFAPPNT 99 
 
A. a: 183 VNQDTVWRDA 212 
 + + VW++A 
H. s.: 100 SDMEAVWKEA 109 
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Amblyomma americanum salivary gland homolog of nSec1 is essential for saliva 
protein secretion (Published in Biochemical and Biophysical Research 
Communications) 
Abstract 
 SNARE (Soluble N-ethylmaleimide sensitive factor Attachment protein Receptor) 
proteins assemble in tight core complexes which promote fusion of carrier vesicles with 
target compartments.  Members of this class of proteins are expressed in all eukaryotic 
cells and distributed in distinct sub cellular compartments.  All vesicle transport 
mechanisms known to date have an essential requirement for a member of the Sec1 
protein family, including the nSec1 in regulated exocytosis. A homolog of nSec1 was 
cloned and sequenced from the salivary glands of partially fed female ticks.  Double-
stranded RNA was used to specifically reduce the amount of nSec1 mRNA and protein in 
female adult tick salivary glands. This reduction was accompanied by a decrease in 
anticoagulant protein release by the glands and by abnormalities in feeding by dsRNA 
treated ticks.  We report the efficacy of double-stranded RNA-mediated interference 
(RNAi) in “knocking down” nSec1 both in vivo and in vitro in tick salivary glands and 
the applicability of this technique for studying the mechanism of exocytosis in tick 
salivary glands. 
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Introduction 
 Tick salivary glands are crucial in the ability of ixodid ticks to feed successfully 
on a host. As feeding progresses, the rate of salivary fluid secretion increases greatly, 
enabling the tick to concentrate the blood meal by returning excess water and ions to the 
host. Numerous bioactive proteins (e.g. anticoagulants, anti-inflammatory proteins and 
immunosuppressants) and prostaglandins are secreted as components of saliva to 
modulate interactions of the tick with the host (1, 2). Ticks feed exclusively on host blood 
in each of their developmental stages: larvae, nymph and adult. 
 Exocytosis is a highly orchestrated process involving the docking and fusion of 
secretary vesicles with the plasma membrane (3, 4). According to the Soluble N-
ethylmaleimide-sensitive factor Attachment protein Receptor (SNARE) hypothesis of 
vesicle fusion, vesicles dock at a target membrane through the interaction of 
complementary sets of vesicular (v-SNARE) and target (t-SNARE) membrane proteins. 
SNARE proteins assemble in tight core complexes, which promote fusion of carrier 
vesicles with target compartments. Assembly of cognate v- and t- SNARE proteins 
promote the formation of extremely stable core complexes which serve as functional 
receptors for cytosolic factors implicated in transport and vesicle fusion, Soluble NSF 
Attachment Proteins (SNAPs) and the N-ethylmaleimide Sensitive Factor (NSF) (5).  
Besides SNAPs and NSF, various other molecules are known to regulate SNARE protein 
interactions and activities (6-9).  Among these molecules, the Sec-1 related proteins play 
a crucial role in modulating SNARE complex formation (10).  As demonstrated for the 
neuronal isoform munc18-1 (also known as nSec1 or rbSec1), these proteins bind with 
high affinity to syntaxins and regulate their association with cognate SNAREs (11-17).  
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nSec1 is critical for vesicle trafficking in yeast and is proposed to play an important role 
in the exocytosis process.  Carr et al., (18) proposed that Sec1p functions to promote 
exocytosis after SNARE complexes have been assembled.    Loss of Sec1 function results 
in an accumulation of vesicles at specific steps in secretion (19-21).  Yang et al., (16) 
helped support the hypothesis that Sec1 proteins function as syntaxin chaperons during 
vesicle docking, priming and membrane fusion.  Over expression of Sec1 in Drosophila 
melanogaster results in a reduction of synaptic transmission (22, 23).   
 Posttranscriptional gene suppression by RNA interference (RNAi) provides an 
effective technique to “knock down” specific gene expression in tick salivary glands’ (24, 
25).  To gain insight into the complexity of A. americanum salivary glands exocytotic 
pathway, a cDNA fragment of an nSec1 homologue was cloned and sequenced from 
partially fed tick salivary glands.  The use of double-stranded RNA based upon this 
sequence confirmed an important role of nSec1 in the mechanism of protein secretion in 
tick salivary glands.  
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Results 
 We previously demonstrated that a tick salivary gland homolog of nSec1 protein 
is present in salivary glands of the lone star tick (26).  We amplified a cDNA fragment 
for it using primers based upon the sequence of an EST from Amblyomma americanum 
(27).  The amplified 410 bp fragment (Figure 1A) was cloned in a pCRII vector and 
sequenced.  We also amplified a 750 bp fragment of V-actin (Figure 1B) and used it as a 
control in all our experiments. A search of the database using BlastX 
(www.ncbi.nlm.nih.gov/BLAST/) demonstrated that the nSec1 sequence had 74% 
identity to Mus musculus nSec1 at the amino acid level (Figure 1C).   
Salivary glands incubated for 6 hrs with dsRNA, synthesized from the putative nSec1 
gene demonstrated ~60% decrease in nSec1 transcript (Figure 2A).  Unfed live ticks 
injected in vivo with nSec1 dsRNA showed ~30% decrease in transcript level after 12 
days of feeding as compared to the buffer injected controls (Figure 2B).  The level of V-
actin transcript level as a negative control remained the same in experimental and control 
groups both in vivo and in vitro (Figure 2A & 2B).  Alternatively, salivary glands from 8 
ticks were incubated for 6 hrs with Na-K ATPase dsRNA and buffer.  Left glands were 
incubated with buffer and right with NaK ATPase dsRNA.  The levels of NaK ATPase 
and nSec1 transcripts were compared between the buffer incubated glands and dsRNA 
incubated glands.  There was a 70% reduction of NaK ATPase transcript levels in the 
NaK ATPase treated glands. But nSec1 mRNA levels remained the same confirming the 
specificity of RNAi (Figure 2D & 2E).   The nSec1 protein level was also found to be 
reduced in both in vivo (~75%) and in vitro (~60%) dsRNA treated salivary glands as 
compared to control glands (Figure 3A-3D). 
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nSec1 dsRNA injected ticks fed on the host attained an average repletion weight 
of 628 mg as compared to control ticks repletion weight of 719 mg.  nSec1 dsRNA 
injected ticks attained repletion in 14.5±2 days as compared to control ticks average 
repletion time of 11± 1 days (Figure 4A).   
 We have previously shown that saliva from partially fed female lone star ticks 
contains anticoagulant proteins (28).  Regulated exocytosis of anticoagulant protein in 
isolated salivary glands is stimulated by PGE2 (29).  To determine whether RNAi of 
nSec1 affects anticoagulant secretion, isolated glands were incubated with nSec1 dsRNA.  
Glands were washed with buffer and then stimulated with 0.1 µM PGE2. PGE2-
stimulated secretion of anticoagulant protein in salivary glands was inhibited 20% as 
compared to controls (Figure 6).  Other salivary glands were dissected from ticks in 
which dsRNA for nSec1 was injected into unfed ticks prior to feeding.  These salivary 
glands also demonstrated a 20% reduction in secretion of anticoagulant protein as 
compared to controls (Figure 6).  To confirm the specificity, we used histamine binding 
protein (HBP) dsRNA in a separate experiment.  Here, glands were incubated with or 
without HBP dsRNA and the experiment was performed in a similar fashion as done with 
nSec1 dsRNA.  In this case there was no difference in PGE2 stimulated secretion of 
anticoagulant protein between glands incubated with buffer and those incubated with 
HBP dsRNA (data not shown). 
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Discussion 
There is great interest in exploiting RNAi via the use of double stranded RNA as 
a means of assessing specific function(s) of individual genes in cells of vertebrates and 
invertebrates (30).  In the SNARE model for protein secretion, a critical component of the 
fusion process is the Sec1p protein, known in mammals as munc18, nSec1 or rbSec1 (11-
13).  This soluble protein is thought to be critical for vesicle trafficking.  A tick homolog 
of nSec1 is present in salivary glands of partially fed female lone star ticks and has 
previously been shown to be important in the process of exocytotic protein secretion in 
the salivary glands (26).  Apart from the presence of nSec1 in neuronal cells, nSec1 
mRNA has also been detected in pancreatic endocrine islet and in insulin-producing cells 
(31, 32). 
 We have cloned a partial sequence of the tick nSec1 gene and used it to 
synthesize a complimentary dsRNA.  The dsRNA used either in isolated salivary glands 
or in whole ticks decreased the amount of nSec1 mRNA and protein, and diminished the 
ability of the salivary glands to secrete anticoagulant protein. As a negative control, use 
of a dsRNA for a partial sequence of the V-subunit of NaK ATPase reduced the 
expression of NaK ATPase but had no affect on the expression of nSec1.  These results 
add evidence that nSec1 is important in the process of protein secretion in tick salivary 
glands.  The results also further demonstrate that dsRNA is an effective and simple 
method for reducing gene expression in tick salivary glands.  This method is specific, 
affecting only the gene targeted for disruption, and useful in targeting genes required for 
salivary gland secretion.   
56
This study adds data to the increasing evidence suggesting that exocytotic 
proteins, previously shown to be of vital importance for neuronal exocytosis, are also 
essential components of the non-neuronal exocytotic pathway.  Application of dsRNA 
from the corresponding cDNA fragment of nSec1 to the salivary glands both in vivo and 
in vitro resulted in inhibition of PGE2 stimulated protein secretion and considerable 
decrease in the nSec1 transcript, encoded nSec1 protein and prolonged feeding of treated 
ticks on the host. 
 The success of prolonged tick feeding on a host depends on several factors in tick 
saliva, primarily proteins and prostaglandins (1), by which they modulate the host 
response at the tick-host interface.  Deleting or reducing one of the SNARE complex 
related proteins might cause an aberrant phenotypic response during tick feeding.  The 
groups of dsRNA injected ticks remaining attached for longer periods and feeding 
aberrantly represents a clear example of aberrant phenotypic expression possibly 
resulting from disruption of the tick’s ability to secrete proteins necessary for feeding. 
The unique feeding pattern and significant decrease in nSec1 transcript, encoded protein 
and anticoagulant secretions indicate the ability of dsRNA to enter the salivary glands 
from the hemocoel similar to in vivo RNAi injection experiments in C. elegans that 
produced mutant phenotypes in the whole worm and even its progeny (33, 34).  
Interestingly, a decrease in transcript of 60% was observed after application of RNAi in 
vitro as compared to 30% in vivo.  This difference may be due to dilution of dsRNA in 
the feeding stage of the female tick which increases approximately 100X in size during 
feeding.   
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It is uncertain if an nSec1 is present and is targeted in other tissues that may affect 
in vivo results.  However, it is well established that exocytosis is mediated by SNARE 
proteins in tick salivary glands (25, 26).  The present challenge is to identify the potential 
SNARE regulators present in salivary glands and to assign functions to specific secretion 
events.  In the present study, we demonstrated further that an nSec1 homolog is required 
for exocytosis.   More work is required to determine more specifically how nSec1 
interacts with SNARE complex proteins and the physiology of protein secretion in the 
salivary glands.   
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Materials and methods 
Materials   
 Restriction enzymes, Taq DNA polymerase, plasmid DNA and polymerase chain 
reaction (PCR) product purification kits were purchased from Invitrogen (Carlsbad, CA, 
USA) and Qiagen (Valencia, CA, USA).  Antibodies to rat neural Sec1 (rabbit: 
polyclonal), Rabbit IgG-HRP and rat brain tissue were purchased from StressGen 
(Victoria, BC, Canada).  Mineral oil was obtained from Sigma (St. Louis, MO, USA). 
Tick rearing 
 Amblyomma americanum (L.) ticks were reared at Oklahoma State University’s 
tick rearing facility according to the methods of Patrick and Hair (35).  Immature ticks 
were fed on rabbits and adult ticks on sheep.  All unfed ticks were maintained at 27-28°C
and 90% relative humidity under 14h light/10h dark photoperiod before infestation of the 
hosts.  Ticks weighing 50-200 mg after 11-15 days of attachment were removed from 
sheep in the control and experimental groups.  Salivary glands were dissected from ticks 
within 4 h of being removed from the host. 
Salivary glands 
 Tick salivary glands were dissected in ice-cold 100 mM 3-(N-Morpholino)-
propanesulfonic acid (MOPS) buffer containing 20 mM ethylene glycol bis-(-
aminoethyl ether)-N, N, N’, N’-tetraacetic acid (EGTA), pH 6.8.  After removal, glands 
were washed gently in the same ice-cold buffer.  The dissected tissues were immediately 
stored in RNAlater (Ambion, Austin, TX, USA) prior to isolating total RNA.  Tissues 
were used immediately after dissection or stored at -80°C in 0.5 M piperazine N, N-bis-2-
ethane sulfonic acid, pH 6.8, containing 20 mM EGTA, 1X CompleteTM Mini Protease 
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inhibitor cocktail (Roche, Indianapolis, IN, USA) and 40% glycerol for Western blotting.  
All other manipulations were carried out at 4°C.   
Synthesis of tick salivary gland homolog of nSec1 cDNA and RT-PCR 
 Using a tick specific EST sequence for nSec1 (27), gene specific primers were 
designed to amplify a cDNA fragment from salivary glands of the lone star tick.  Total 
RNA was isolated from the salivary glands using an RNAqueousTM total RNA isolation 
kit (Ambion).  Concentration of total RNA was determined spectrophotometrically at 260 
and 280 nm and it was aliquoted and stored at -80°C before use. Total RNA was reverse 
transcribed using M-MLV (Moloney Murine Leukemia virus) reverse transcriptase 
according to the Invitrogen protocol.  For each gene, cDNA was PCR amplified using 
gene specific primers (GSP) for nSec1 (forward 5’-
TGACGAAAAGGACGACCTATGG-3’ and reverse 5’-
CTTGGACAGAATGTAGAGCAGGATG-3’), tick salivary gland NaK ATPase V-
subunit (forward 5’-CGGCAAGGAGGGAGAATACTACAAG-3’ and reverse 5’-
CAAACTGCTGGGCAATGGAG-3’) and human V-actin primers (Stratagene, La Jolla, 
CA, USA) as the control by using a PCR program of 94C for 4 min, 35 cycles of 94C
for 30 sec, 60C for 30 sec and 72C for 30 sec.  Annealing temperature used for NaK 
ATPase primers was 65o C for 30 secs. 
Cloning and sequencing  
 After PCR amplification, gel-purified fragments were cloned into the pCR-II 
vector using a TOPO T/A cloning Kit (Invitrogen).  Recombinant plasmids were then 
transformed into TOP 10F’ One Shot Competent Cells and cultured on agar plates 
containing 50 µg/ml ampicillin, 0.2 mM IPTG and 40 µg/ml X-gal for selection and 
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amplification.  White colonies (10 colonies) were picked from these plates and then 
grown in Luria Broth (LB) containing 50 µg/ml ampicillin.  Plasmid DNA was purified 
with Qiaprep spin Miniprep plasmid kit (Qiagen).  Cloned recombinant plasmid DNA 
(250 ng) was tested for the presence of an insert by comparing its migration to the vector 
plasmid alone on 2% agarose gel electrophoresis; positive clones were then digested with 
EcoRI and the product analyzed again by agarose gel electrophoresis to verify the insert.  
Recombinant plasmids were sequenced at the OSU Protein/Nucleic Acid Resource 
Facility with M13 reverse primer using an ABI 3700 automated DNA sequencer and Big 
Dye dye terminators.  The resulting sequences were used to search the DNA and protein 
databases.   
dsRNA in vitro synthesis and incubation with tick salivary glands 
 The nSec1 cDNA-containing plasmids with inserts in opposite orientation were 
linearized by digesting with HindIII enzyme and precipitated with ethanol. Plasmids 
containing HBP (Histamine binding protein) inserts were digested with KpnI and XhoI 
and the plasmids containing Na K ATPase were digested with EcoRV and SacI. The 
digested plasmids were ethanol precipitated and used as templates for in vitro 
transcription using a MEGAscript kit (Ambion) following the manufacturer’s 
instructions. The two ssRNAs were mixed together and incubated at 650C for 5 minutes 
and later left to anneal at room temperature for 4 hours. All in vitro experiments used V-
Actin and V subunit of Na K ATPase expression as negative controls for non-specific 
interference.  In all in vitro experiments, right and left salivary glands from 20 partially 
fed female ticks were pre-incubated separately for 6 hrs at 37°C with 15 µg of dsRNA in 
M199/MOPS or M199/MOPS alone prior to analysis of nSec1 mRNA by RT-PCR or 
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protein expression by Western blot.  Integrated fluorescent intensity of bands was 
compared with a gel documentation system from Bio-Rad (Hercules, CA, USA).  A total 
number of 50 unfed female ticks were injected with 450 ng of dsRNA into each tick.  
After injection, ticks were kept overnight in a 37°C water bath to monitor tick survival 
after injection. Buffer and dsRNA injected ticks were infested in separate cells on host 
sheep for feeding.       
Western blotting 
 Twenty partially fed female tick salivary glands  treated with dsRNA or not were 
homogenized in ice-cold extraction buffer [(PBS, 1 mM-dithiothreitol, 2.5 mM EGTA, 
1X CompleteTM Mini protease inhibitor cocktail) (Roche)].   Homogenized salivary 
glands were sonicated for 1 minute.  Protein concentration in all samples was estimated 
by the Bradford method (36).  The protein standards used for SDS-PAGE were low 
molecular weight range from Bio-Rad.  Tick salivary gland protein extracts (50 µg each) 
were separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (37) and 
then transferred onto nitrocellulose membranes in a Transblot cell (Bio-Rad) following 
the manufacturer’s instructions.  The transfer buffer consisted of 25 mM Tris HCl, 192 
mM glycine in 20% methanol.  Nonspecific protein binding sites were blocked with 5% 
skim milk and the membranes were incubated with the polyclonal nSec1 antibody 
(StressGen) at a dilution of 1:2000.  The antigen-antibody complexes were visualized 
with horseradish peroxidase-conjugated anti-rabbit IgG (StressGen) at a dilution of 
1:1000 and detected with SuperSignalR chemiluminescent substrate (Pierce, Rockford, 
IL, USA) on x-ray film. 
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Exocytosis of anticoagulant protein 
 The right and left salivary glands from 8 partially fed female ticks were divided 
into two tissue sets where one gland from each tick was used as the control and the other 
gland as the treatment set.  Dissected salivary glands were pre-incubated with nSec1 
dsRNA for six hours at 37°C while control glands were incubated in buffer alone or 
irrelevant dsRNA such as HBP.  After incubation with dsRNA or buffer alone, glands 
were centrifuged for 1 min at 1000xg and then stimulated with PGE2 (0.1µM) for 5 
minutes at room temperature.  Glands were centrifuged at 1000xg for 1 minute and the 
supernatant used for determination of anticoagulant activity by the activated partial 
thromboplastin assay (APTT, intrinsic pathway) as described by Zhu et al., (28).  Time to 
initiation of coagulation (Vmax) was determined by SoftmaxR PRO (Molecular Devices, 
Sunnyvale, CA, USA) software using a THERMO MAX plate reader (Molecular 
Devices).  Each experiment was repeated three times. Alternatively, 900ng of nSec 1 
dsRNA was injected into unfed ticks. Control ticks were injected with buffer. The 
injected ticks were kept at 370C above a water bath overnight. Each tick group was 
infested in a separate cell on the host sheep for feeding. Ticks that weighed 50-200 mg 
(11-15 days) were removed and the anticoagulant protein secretion studies were 
performed as mentioned above.   
Statistics 
 All data are expressed as mean ± SEM.  Statistical significance was determined 
by Student’s t test. 
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Figure legends 
FIGURE 1: 
RT-PCR of cDNA from partially fed female tick salivary glands using nSec1 and V-actin 
gene specific primers (A) 1. Low DNA MassTM ladder, 2. partially fed female tick adult 
salivary gland nSec1, (B) 1. Low DNA MassTM ladder, 2. partially fed female tick 
salivary gland V-actin. (C) Amino acid blast alignment between the cloned female 
Amblyomma americanum (A.a.) tick salivary gland nSec1 and corresponding part of the 
gene sequence from Mus musculus (M. m.). 
[(Score = 204 bits (520), E value = 2 x 1052, Identities = 102/137 (74%), Positives = 
117/137 (84%)]. 
FIGURE 2A, B and C: 
In vivo and in vitro effect of RNAi on nSec1 in the salivary glands of partially fed female 
ticks (A) RT-PCR of total RNA prepared from salivary glands using nSec1 and V-actin 
gene specific primers (A-Lanes 1-2, in vitro Control, nSec1 transcript amplified, Lanes 3-
4, in vitro nSec1 dsRNA, nSec1 transcript amplified, Lanes 5-6, In vitro control, V-actin 
amplified transcript, Lanes 7-8, in vitro nSec1 dsRNA treated glands, V-actin amplified 
transcript). (B) Lane 1, in vivo control glands, nSec1 amplified transcript, Lane 2, in vivo 
nSec1 dsRNA injected glands, nSec1 amplified transcript, Lane 3, in vivo control, V-actin 
amplified transcript and Lane 4, in vivo nSec1 dsRNA injected glands, V-actin amplified 
transcript). (C) Integrated fluorescence intensity of the nSec1 RT- PCR bands in control 
and dsRNA treated salivary glands after in vitro incubation or injection in vivo.
Figure 2D and E: 
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In vitro effect of RNAi on Na K ATPase in the salivary glands of partially fed female 
ticks, (D) RT-PCR of total RNA prepared from salivary glands using nSec1 and NaK 
ATPase gene specific primers (Lane 1, Control Na K ATPase, lane 2, dsRNA incubated 
NaK ATPase, Lane 3, Control nSec1 and Lane 4, NaK ATPase dsRNA incubated 
salivary glands amplified with nSec1 primers) and (E) Integrated fluorescence intensity 
of the samples analyzed in D.  
FIGURE 3: 
Western blot analysis of nSec1 protein in the partially fed female tick salivary glands (A) 
incubated in vitro with 15 µg dsRNA nSec1 (Lane 1, Control, lane 2, nSec1 dsRNA 
treated glands), (B) integrated optical density of the samples in A, (C) in vivo with 0.9 µg
dsRNA nSec1 (Lane 1, Control, lane 2, nSec1 dsRNA treated glands) and (D) integrated 
optical density of the samples analyzed in C. 
FIGURE 4: 
Tick feeding after 0.45µg nSec1 dsRNA injection into unfed ticks prior to attachment to 
the host (A) Tick size and attachment data were recorded from Day 6 to the final day of 
tick repletion.  Data were tabulated as tick width, repletion weight and average days of 
repletion. (B) Photo of the effect of nSec1 dsRNA injection on tick feeding as compared 
to controls.   
Figure 5: 
Secretions from salivary glands: Inhibition of the 0.1 µM PGE2 stimulated anticoagulant 
protein secretion (compared to treated control) in isolated whole salivary glands treated 
with dsRNA for the corresponding cDNA fragment of nSec1 in vivo(0.45µg)and in vitro 
(15µg). 
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CHAPTER 3: OBJECTIVE 2 
Ixodid tick saliva is hypertonic for Na+ and Cl- relative to hemolymph and midgut 
but is isotonic for K+ [1]. Ticks consume large volumes of blood and non-blood tissues as 
well. Ticks excrete excess salt and fluid back into the host. About one third to one half of 
consumed blood is secreted back into the host through the salivary glands thereby 
concentrating the blood meal. The concentrations of Na+ and Cl- in the saliva do not 
balance each other. The concentration of Na+ is slightly higher when compared with Cl-.
This means that there should be some other anion that balances Na+ [1]. Moreover, tick 
saliva is very alkaline with a pH of 9.5. Due to this it is hypothesized that the anion that 
balances Na+ might be a bicarbonate ion. Much is known about control of  secretion from 
tick salivary glands. However, the proteins that are functionally involved in the process 
of secretion are yet to be identified. In an effort to better understand the process, we 
wanted to identify important channel proteins that are being expressed in tick salivary 
glands and their functional significance in terms of tick feeding and reproduction. 
Sodium Potassium ATPase (NaK ATPase): 
ATPases are active transporters that catalyze the transport of ions across 
membranes against a concentration gradient through the expense of an ATP molecule. 
ATPases that transport cations have been classified into three main classes F-ATPase, V-
ATPase and P-ATPase [2]. 
NaK ATPases belong to the P-ATPase family and catalyze the active export of 
Na+ ions and import of K+ ions. The key feature of P type ATPases is the formation of a 
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covalent acyl phosphate-enzyme intermediate and the inhibition by submicromolar 
concentrations of vanadate [3]. Several ATPases including Ca2+ ATPase, H+ATPase and 
K+ATPase belong to the family of P type ATPase. 
NaK ATPases generally exists as a heterodimer with the subunits designated as O
and V. The O subunit is the catalytically active subunit containing the site for ATP 
binding, phosphorylation and inhibitor binding. The molecular weight of the O subunit is 
Z 100kDa. Extensive research has been carried out and significant information has been 
obtained about the structure and function of the O subunit of the enzyme from various 
species. 
The V subunit has been known to be essential for the normal functioning of the 
enzyme. But the exact function of this subunit is yet to be elucidated. Prior experiments 
had shown the importance of NaK ATPase in the process of fluid secretion in tick 
salivary glands [4]. The importance of NaK ATPase in the process of fluid secretion in 
TSGs and the known significance of the O subunit encouraged us to work on the V
subunit and monitor for aberrant phenotypes in ticks not expressing this protein which 
would be a test of the importance of the V subunit in the normal functioning of the 
holoenzyme. 
The V subunit has several amino acid sequence isoforms namely V1, V2 and V3 [5]. 
The V subunit, on SDS-PAGE, generally appears as a glycosylated broad 60-80kDa band. 
Deglycosylation results in a band of Z34kDa. The domain structures of all known V
subunits have a short N-terminal cytoplasmic domain, a single transmembrane domain 
and an extracellular C terminal domain. Another significant feature of all known V
subunits is the presence of six cysteine residues in the extracellular domain. These 
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cysteine residues are 100% conserved in V subunits of all NaK ATPases identified so far. 
These six cysteine residues have been found to form three disulfide bridges [6, 7]. 
Although the O subunit has the sites for phosphorylation, ATP and inhibitor 
binding, it is well known that the minimal functional complex of NaK ATPase is the OV 
heterodimer. The V subunit has been recently found to be important for the stabilization, 
maturation and normal enzymatic activity of NaK ATPase. The glycosylation on the V
subunit has been found to render stability for the enzyme to trypsinolysis. The disulfide 
bonds increase the strength of the holoenzyme and prevent the enzyme from being 
converted to the unstable or inactive form [8]. The results obtained from experiments 
performed by several research groups show that the V subunit also plays a crucial role in 
the occlusion of K+ [9, 10] and that both the O and V subunits should be expressed and 
should interact for the enzyme to be fully functional. 
Sodium potassium chloride co-transporter (NKCC): 
NKCC is a key channel protein that plays an important role in mediating the 
movement of ions across membranes in cells of various organisms. This protein is helpful 
in maintaining the cell ion homeostasis and volume control [11] by functioning as a 
secondary active transporter that utilizes the sodium ion gradient generated by the NaK 
ATPase to facilitate the inward migration of 1 Na+, 1 K+ and 2 Cl- ions in several 
secretory epithelia. 
NKCC belongs to the family of Cation Chloride Co-transporters (CCC) [12]. This 
ion transporter generally catalyzes the movement of 1 Na+, 1 K+ and 2 Cl- ions across 
membranes in an electro neutral fashion. Certain co-transporters have been found to 
transport 2Na+, 1K+ and 3Cl- [13]. 
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Two main isoforms of NKCC have been found to exist in animal cells. NKCC isoform1 
[NKCC1] is present in most cells and hence referred to as the housekeeping isoform or 
secretory isoform. NKCC isoform 2 [NKCC2] commonly referred to as the re absorptive 
isoform is found in mammalian kidney cells. Reports indicate the presence of a few 
variants of both these isoforms. NKCC1 and NKCC2 encode proteins of Z 132kDa and 
121kDa respectively. On a SDS-PAGE both NKCC1 and NKCC2 run as a smear with a 
molecular weight of 160-170kDa and 150-160kDa respectively. All NKCCs are highly 
sensitive to inhibition by bumetamide and other loop diuretics. NKCC2 is more sensitive 
to bumetamide than NKCC1 [14]. 
NKCC1 is present in the basolateral membrane and mediates the movement of 
Na+, K+ and Cl- into the cells. On the other hand NKCC2 is present in the apical 
membrane of kidney cells and aids in the re-absorption of these ions from urine. NKCC’s 
activities are regulated by a variety of features including the concentrations of the ions 
transported, hormones such as noradrenalin and vasopressin, reduced oxygen tension, 
increased intracellular Mg2+ concentration and reduced intracellular Cl- concentration 
[15, 16, 17, 18]. These regulatory factors modulate the activities of the transporter 
through two routes, namely co-transporter phosphorylation and protein-protein 
interactions [19, 20]. 
NKCC1 has been found to have 12 membrane spanning domains and  large N and 
C terminal regions. There is an extracellular domain between the seventh and eighth 
transmembrane domains that is glycosylated [21]. It has been found that regions in the 
transmembrane domains 2, 4 and 7 are crucial for the binding of ions and thus crucial for 
the enzyme’s normal function. 
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Bicarbonate transporters: 
Bicarbonate transport proteins [BT] have been identified in plasma membranes of 
all mammalian cell types. BTs play a key role in maintaining and regulating the 
intracellular pH. They do this by regulating the movement of bicarbonate ions across 
membranes. Tick saliva, as mentioned earlier, has an alkaline pH of 9.5. This led to the 
hypothesis that there might be a BT expressed in the TSG membrane which functions in 
regulating the pH of the saliva by facilitating the movement of bicarbonate ions into the 
lumen. 
BT proteins can be divided into two major groups based on sequence similarities. 
The first group includes the Anion Exchanger (AE) family of Cl-/HCO3- exchangers, 
NBC group of Na+/HCO3- co-transporters and Na+ dependent Cl-/ HCO3- co-transporters. 
The second group is the SLC26a family of sulfate transporting proteins [22]. 
The BT group of proteins has been reported to be very important in pHi recovery 
following ischemia of ferret hearts [23]. In that study BT proteins were found to restore 
pHi by 47% indicating the importance of this group of proteins, among the other transport 
proteins, in the pH recovery process. Thus, it is more likely for one or more proteins of 
these physiologically important BT proteins to be expressed in the salivary glands of 
ticks and also other tissues of ticks. Identifying them will improve our understanding of 
the mechanism of secretion and might also lead us to the identification of a few tick 
protective antigens. 
Aquaporins: 
Aquaporins represent a group of integral membrane proteins that facilitate the 
movement of water molecules. The first aquaporin was discovered in the year 1992 [24]. 
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Since then, there have been 13 different types of aquaporins that have been identified in 
mammals (AQP0 to AQP12) [25]. Aquaporins are small proteins of about 28kDa in 
molecular weight. They have been found to be comprised of six transmembrane helices, 
three extracellular and two intracellular loops. The first intracellular and the third 
extracellular loops have been found to have a characteristic motif, comprising two 
repeating Asn- Pro- Ala triplets (NPA) [26]. The NPA motifs render the flexibility for the 
loops to fold and connect to form the hydrophilic pore for the water molecule to permeate 
them. The Asn residue is extremely crucial for rendering the ability of aquaporins to 
allow water to permeate without the flow of protons, though certain aquaporins have been 
found to be able to transport certain molecules in addition to water. Recently, there are 
reports indicating possible aquaporin-like proteins that seem to have unusual NPA motifs 
[27]. Aquaporins have been found to exist as tetramers in plasma membranes, with each 
monomer having the ability to transmit water. Aquaporins can be classified into two 
categories, namely, aquaporins and aquaglyceroporins, based on their ability to transport 
just water or glycerol or urea in addition to water. The aquaporins are AQPs 0, 1, 2, 4, 5, 
6 and 8 while AQPs 3, 7, 9 and 10 are the aquaglyceroporins. In salivary glands of higher 
eukaryotes, AQPs 1, 5 and 8 are expressed [26]. AQP5 has been identified to be the most 
physiologically important aquaporin, with its loss of function being implicated in some 
diseases. 
Chloride Channels: 
Chloride channels are a group of membrane proteins that is ubiquitously 
expressed from bacteria to mammals [28]. They are found to be associated with the 
plasma membrane and also with intracellular vesicle membranes. The first chloride 
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channel identified was denoted as ClC-0 [29]. Following that discovery, eight other 
chloride channels, denoted as ClC-1 to 7 and ClC-Ka and ClC-Kb, have been identified 
in mammals [30]. The family of ClC proteins in mammals is classified into three groups 
based on their sequence identity to the ClC-0 cloned from fish. ClC-1, 2 and ClC-K 
comprise the first group and are localized to the plasma membrane. ClC-3 to 5 form the 
second group and are found to be associated with the endosomes and synaptic vesicles 
and seem to play an important role in intracellular acidification. ClC-6 and ClC-7 form 
the third group of ClC proteins and are also associated with the endosomes [30]. 
Surprisingly, the bacterial ClC protein, denoted as ClC-e1 has recently been shown to 
function as an electrogenic exchanger that exchanges 2Cl- ions for 1H+ ion [31]. All the 
ClC channel proteins are found to exist as homo-dimers with one pore in each monomer.  
We were successful in cloning partial cDNA fragments coding for a few of the 
above mentioned proteins from tick salivary glands. The cDNA fragments cloned had 
significant amino acid sequence identity to the members of the following classes: Sodium 
Potassium Chloride Co-transporter (NKCC), Sodium Bicarbonate Co-transporter (NBC), 
Aquaporin-7 (AQP-7) and Chloride channel-2 (ClC-2) from other species. RNAi was 
performed on each of the 4 genes and the results are presented below. In the process of 
analyzing the functions performed by these proteins in TSGs by RNAi, we also have 
identified that RNAi can be successfully performed by soaking ticks in a solution 
containing dsRNA, a method that is novel for tick RNAi studies. The advantages and the 
shortcomings of this methodology are also discussed. 
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Functional Requirement of Sodium Potassium Chloride Co-transporter (NKCC) in 
the Success of Female Amblyomma americanum Tick Feeding. (Prepared for: 
Biochemical and Biophysical Research Communications). 
 
Abstract: 
The discovery of RNA interference (RNAi) has enabled the identification of 
several tick protective antigens that might be useful in future studies to design vaccines 
against ticks. Tick salivary glands are the major route of secretion of fluid, proteins and 
pathogens into the host. We report here the cloning of a partial cDNA fragment from the 
salivary glands of the lone star tick, Amblyomma americanum, that is  homologous to 
sodium potassium chloride co-transporter isoforms 1 and 2 (NKCC1, 2). Confocal 
microscopy studies with a polyclonal antibody against the co-transporter localized the 
protein primarily to the basolateral membrane and intracellular regions and to a lesser 
extent to the apical membrane of cells of the salivary glands. We then performed RNAi 
studies on the co-transporter both in vitro and in vivo and the results obtained 
demonstrated reduction in the transcript levels of the co-transporter in vitro and reduced 
and slower feeding when ticks were injected with the double stranded RNA (dsRNA) to a 
tick salivary gland cDNA fragment of NKCC. 
 
Key Words: Tick, salivary gland, RNAi, Co-transporter. 
 
90
Introduction: 
Ticks are known worldwide as arthropods that vector human and livestock 
disease-causing pathogens resulting in millions of dollars of loss to the livestock industry 
and many human health problems. Ticks achieve feeding success by overcoming host 
immune, inflammatory and pain producing responses. Their salivary gland secretions 
play a central role in the process of tick feeding [1], [2]. 
RNA interference (RNAi) [3], [4] is a simple and powerful reverse genetic tool 
that has simplified the tedious process of identifying tick protective antigens [5]. Ticks 
are relatively less studied as vectors of disease-causing pathogens when compared to their 
arthropod counterparts, mosquitoes. Ticks transmit the causative agents of several 
diseases including the Lyme disease pathogen, causing severe loss to livestock and 
humans. The tick genome has yet to be sequenced and hence the advent of RNAi has 
proven to be extremely useful for identifying and analyzing genes whose functions are 
unknown [6-13]. The ability to inject whole ticks with double stranded RNA (dsRNA) 
and monitoring for aberrant feeding, has simplified the identification of functionally 
required proteins for successful tick feeding. 
An Amblyomma americanum female tick feeds for up to 14 days on the host with 
slow feeding for up to 11 days and a rapid feeding stage for two days before repleting and 
dropping off the host. In the rapid phase of feeding, ticks secrete large volumes of excess 
fluid to concentrate the blood meal [14]. Several fluid and ion permeabilizing channels 
are hypothesized to perform vital functions within the tick salivary glands and gut for this 
to be accomplished. 
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Sodium potassium chloride co-transporters (NKCC) are electroneutral symporters that 
have been identified in various organisms [15], [16]. They are integral membrane 
proteins with 12 transmembrane domains identified to function as pores that enable the 
outward migration of sodium, potassium and chloride ions in an electro-neutral fashion, 
though the stoichiometry has been found to vary between species [16], [17]. In secretory 
epithelia, however, the channel has been found to permit the movement of ions in the 
reverse direction with basolateral localization [18]. The co-transporters are an integral 
member of several transporting proteins that function co-operatively for a cell to maintain 
the membrane potential and volume. Here, we demonstrate cloning and sequencing of a 
partial cDNA fragment from female A.americanum salivary glands with sequence 
homology to NKCC1 and NKCC2. We tested the functional requirement of this protein 
within the ticks by employing RNAi. We demonstrate gene specific down regulation of 
NKCC at the mRNA level in vitro. Injecting dsRNAs specific to NKCC reduced the 
tick’s ability to feed successfully when compared to the ticks that were injected with 
buffer alone. Confocal fluorescence microscopy studies using mouse polyclonal anti- co 
transporter antibody localized the protein to the basolateral membrane and intracellular 
regions. Apical localization was also observed, though to a lesser extent. The results 
obtained indicate the functional requirement of NKCC protein in ticks, and could be 
studied further to explore the possibility of using this protein, possibly in combination 
with other functionally important tick proteins, as a potential combinatorial anti-tick 
vaccine 
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Materials and methods: 
Ticks: 
Female A.americanum ticks were reared at the Oklahoma State University tick rearing 
facility according to the methods described by Patrick and Hair [19]. Ticks weighing 50-
200mgs in weight were forcibly removed from sheep and salivary glands dissected within 
3 hours. 
Tick salivary glands: 
Salivary glands were dissected in ice cold 100 mM 3-(N-morpholino)-propanesulfonic 
acid (MOPS) buffer containing 20 mM ethylene glycol bis-(V-aminoethyl ether)-
N,N,N[,N[-tetraacetic acid (EGTA), pH 6.8. Dissected glands were used immediately for 
RNAi experiments. 
Cloning and sequencing: 
Total RNA was isolated from 6 female A.americanum tick salivary glands using 
RNAqueous RNA isolation kit (Ambion, Austin, TX, USA). The quality and 
concentration of the RNA was measured spectrophotometrically by reading the 
absorbance at 260nm and ratios of A260/230 and A260/280.  cDNA was synthesized 
from the RNA by using SuperScript II RNase H- reverse transcriptase (Invitrogen, 
Carlsbad, CA, USA). The cDNA was subsequently used as a template in PCR using gene 
specific primers for NKCC and nSec-1 (control). The PCR fragment of about 200 bp was 
gel purified and cloned into TOPO TA PCR 2.0 vector (Invitrogen). Subsequent to 
transformation, the plasmid DNA was isolated using MiniPrep kit (Qiagen, Valencia, 
CA, USA). Database search (BLASTX) confirmed the sequence to be a partial cDNA 
fragment encoding NKCC. 
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Synthesis of dsRNA: 
Plasmid DNA was linearized with restriction enzymes EcoRV and Hind III, both the 
restriction sites being downstream to the promoter used for transcription. The linearized 
plasmids were used as templates for in vitro transcription using MEGAscript SP6 and T7 
kits (Ambion). The transcribed RNAs were pooled and incubated at 750C for 5 minutes 
followed by incubation at room temperature to let the complementary RNAs anneal to 
form dsRNA. 
In vitro RNAi: 
Salivary glands were dissected as described above. Left and right glands from 6 ticks 
were incubated with M199/MOPS buffer alone or 10µg dsRNA in M199/MOPS buffer 
solution. The incubation was carried out at 370C for 6 hours. Post incubation, RNA was 
isolated using an RNAqueous kit (Ambion). The RNA was reverse transcribed and used 
for quantitative real-time PCR analysis. 
In vivo RNAi: 
Groups of 20 ticks were used for in vivo studies. Unfed female A.americanum ticks were 
injected posteriorly on the dorsal surface with 1µg dsRNA in 1µl injection buffer (10 mM 
Tris·HCl, pH 7.5/1 mM EDTA) . Injections were done using a 31gauge needle. Control 
ticks were injected with injection buffer alone. Mortality and tick behaviour post 
injection were monitored by incubating the injected ticks over a 370C water bath for 18 
hours. Ticks were then allowed to feed on sheep. 
Confocal Microscopy: 
Salivary glands from partially fed female ticks were dissected and fixed in a 4% solution 
of formaldehyde in phosphate buffered saline (PBS). Thin paraffin sections (4 micron 
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thickness) were made from these glands and mounted on glass slides (Oklahoma Animal 
Disease Diagnostic Laboratory, Stillwater, OK, USA). The sections were immersed in 
xylene solution three times and washed each time using 80%, 95% and 100% ethanol 
respectively. After washing, the sections on slides were incubated with blocking solution 
for 1 hour (3% BSA in PBS). The slides were treated with primary mouse NKCC 
monoclonal antibody (U Iowa Hybridoma Core Facility, Iowa City, IA, USA) in 1:100 
dilutions in PBS and incubated overnight. Following this, slides were washed with PBS 
and treated with 1: 1000 dilutions of secondary antibody (Alexa Fluor 633 goat anti 
mouse IgG) (Invitrogen) in PBS. After subsequent washes in PBS, localization patterns 
of NKCC within the glands were analyzed under a Leica TCSSP2 laser scanning 
confocal microscope (Leica, Bannockburn, IL, USA). 
Quantitative Real-Time PCR: 
Quantitative Real-Time PCR was performed using SYBR-GREEN chemistry in an 
AB7500 Real- Time PCR machine (Applied Biosystems, Foster City, CA, USA). Real 
time PCR data was analyzed using the ]]Ct method. 
Statistics: 
The bar graph presented represents the mean values with the error bars denoting the range 
of values. Student’s t-test was used to confirm statistical significance of the Q-RT PCR 
results. 
Results: 
An EST project in A.americanum larvae [20] identified a contig with sequence identity to 
NKCC.  We designed PCR primer sequences based on this sequence to amplify a partial 
cDNA fragment from female adult A.americanum salivary glands. The cDNA fragment 
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of 252 bp (GenBank Accession number: 851692) in length was cloned and was found to 
be 79% identical to A.aegypti NKCC isoform A and 73% identical to D.melanogaster 
NKCC isoforms A and B at the amino acid level (Figure 1A and 1B). To test the 
functional importance of NKCC in successful tick feeding, we used the cDNA fragment 
as a template for the synthesis of dsRNA. The synthesized dsRNA was either used for in 
vitro or for in vivo studies. 
In vitro RNAi studies: 
Salivary glands from 6 partially fed female A.americanum ticks were incubated with 
buffer alone or dsRNA of NKCC for 6 hrs. The amounts of the transcript levels of NKCC 
in the buffer incubated and dsRNA incubated glands were compared by using 
quantitative RT PCR after incubation. The level of NKCC transcript was reduced 
approximately 60% in the dsRNA incubated glands (Figure 2).  
In vivo RNAi studies: 
Unfed female A.americanum ticks were injected with dsRNA and allowed to feed on 
sheep for up to 14 days or forcibly removed from host animal when they were in the 
weight range of 50-200 mg. Three buffer injected and three dsRNA injected ticks were 
removed when they weighed 50-200 mg and their salivary glands dissected. The level of 
NKCC transcript in the salivary glands was compared between buffer injected and 
dsRNA injected ticks and the levels were not found to be significantly different as 
observed in vitro (data not shown). The results differ from prior in vivo applications of 
RNAi in ticks where successful silencing of the target gene in the salivary glands was 
achieved both in vitro and in vivo [6], [7]. This result may indicate that achieving RNAi 
mediated silencing within salivary glands in vivo might be target dependent i.e the 
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amount of dsRNA needed to silence a target gene might vary from gene to gene. 
Additionally, getting successful silencing within salivary glands might require increased 
amounts of dsRNA when compared to the amounts that might be required to silence the 
same genes in other tissues. This is consistent with results observed in mosquito salivary 
glands where higher amounts of dsRNA were required for effective silencing within the 
salivary glands than in other tissues [21].  
Despite the inability to demonstrate in vivo silencing within salivary glands, we still 
observed aberrant feeding patterns in ticks injected with dsRNA. We observed that 60% 
of the ticks did not grow to repletion after 15 days and were loosely attached to the host 
(Figure 3A, 3B).  We measured the width of 5 control and 5 dsRNA injected ticks as a 
measure of their growth rate on days 11, 12, 13 and 14 of their feeding, the days of 
maximum growth before repletion and dropping from the host. The dsRNA injected ticks 
did not increase in width while control buffer injected ticks increased in width and began 
repleting after 14 days post attachment to the host (Figure 3C) 
Confocal microscopy: 
Localization with an antibody to NKCC demonstrated reactivity primarily in basolateral 
membranes and intracellular regions resembling that seen in other secretary epithelia 
(Figure 4A and 4B). In rat thick ascending limbs, membrane expression of NKCC was 
minimal and the majority of localization was found in intracellular vesicles [22]. The 
same report also demonstrated involvement of vesicle associated membrane protein 
(VAMP), a vesicle associated Soluble N-ethylmaleimide sensitive fusion protein 
Attachment Receptor (SNARE) protein to be involved in the localization of NKCC to the 
apical membrane in response to cAMP stimulus. Prior studies of silencing VAMP protein 
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[8] within tick salivary glands decreased the levels of protein secretion from the dsRNA 
treated glands when compared to the buffer treated glands. Silencing both the VAMP and 
the NKCC might further disable the tick’s ability to be a successful feeder. This approach 
of silencing more than one tick protein might be extremely valuable in the design of 
effective anti tick vaccines.  
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Discussion: 
Ixodid ticks are arthropod vectors of human and livestock pathogens that cause severe 
illness and economic losses to the livestock industry. The relatively long feeding of a 
female ixodid tick on a host requires the tick to overcome numerous defense challenges 
from the host. It is largely understood that tick salivary glands and the secretion from 
them are very important for ticks to stay ahead of the host. The amount of blood ixodid 
ticks typically consume during the feeding process is an under estimate if the gain in 
weight alone is taken into consideration. This is because ticks excrete about one third to 
half of the total ingested fluid back into the host through their salivary glands thereby 
concentrating the blood meal [23]. Ticks almost certainly require the functions of 
numerous ion and water transporting channel proteins in their gut and salivary gland 
membranes for the process of secretion and digestion. Na K ATPase inhibitor ouabain 
has been found to significantly inhibit fluid secretion from tick salivary glands. A cDNA 
encoding for V-ATPase has been cloned from tick salivary glands and bafilomycin, its 
inhibitor, has also been found to inhibit fluid secretion though to a lesser extent [24]. In 
an effort to identify other proteins that might be functionally important for this process in 
ticks, we performed RNAi studies on NKCC protein. 
Co-transporters, in general, are a functionally important group of transporting proteins 
that aid in the movement of ions and substances like glucose that are required by a cell.. 
The process of fluid secretion and maintaining membrane potential requires the 
participation of numerous membrane proteins. The roles performed by each member of 
this large group and the mechanism of regulation of this process are complex. It is widely 
accepted that Na K ATPase is the primary protein in the process of secretion that acts by 
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the direct hydrolysis of the energy reserve ATP, subsequently creating an inward directed 
Na+ gradient. This gradient is required for the action of secondary active transporters like 
the NKCC protein which creates an outward directed Cl- gradient. This then activates the 
opening of apically localized chloride channels that mediate the outward flow of Cl- ions. 
Sodium enters the lumen either through apical channels or paracellularly and water 
migrates into the lumen by the mediation of aquaporins or through the paracellular route. 
We were able to show silencing of NKCC in salivary glands in vitro at the transcript 
level. However, in vivo, we were only able to see phenotypic differences in the ticks 
injected with the NKCC dsRNA and not able to demonstrate differences in the transcript 
level. We hypothesize that this observation could be due to 1) A typical female 
A.americanum tick feeds for up to 14 days and in this process gains over 100 fold 
increase in weight. An unfed tick weighs approximately 4 mg and when replete about 600 
mg. This might dilute the dsRNA and the effective concentration within the tick would 
decrease as feeding progresses. 2) We tested the silencing of NKCC within the tick 
salivary glands and the dsRNA might not have permeated into the salivary glands. This is 
in contrast to similar studies performed earlier using histamine binding protein (HBP) and 
n-Sec1 dsRNAs [6], [9]. The phenotype observed might indicate the functional 
requirement of NKCC in other tissues apart from the salivary glands, most likely, the gut. 
Also, ticks that had grown to 50-200 mg were selected for measuring and comparing 
RNA levels between control and dsRNA injected ticks. Ticks that were able to grow to 
this weight range might have been the ones that were not susceptible to dsRNA and this 
might also explain the inability to demonstrate reduction in transcript levels. Large 
numbers of ticks are required if one needs to compare RNA levels in ticks that are in the 
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early stages of feeding or ones that weigh in the range of early feeding ticks. 3) Gene to 
gene variability and stability differences among the different mRNAs could also explain 
this observation. In a separate study in which we had soaked ticks in a dsRNA solution 
(unpublished results), we observed silencing of three different genes in whole ticks but 
were unable to show silencing within the salivary glands. The reasons for this lack of 
silencing within the salivary glands require further study. We also speculate that negative 
regulators of RNAi, as observed in C.elegans neurons, might be expressed within tick 
salivary glands which might negate the silencing [25] and [26]. To address this, we tried 
cloning the genes homologous to the genes in C.elegans without success. Also, any 
efforts of trying to demonstrate a direct involvement of NKCC in fluid secretion from 
tick salivary glands were unsuccessful. In vitro incubation of glands for several hours 
with dsRNA made them non functional to measure fluid secretion whereas glands 
dissected from ticks that were injected with dsRNA did not demonstrate any differences 
in fluid secretion levels. This might again be due to the factors discussed above. 
Localization studies performed using polyclonal antibodies against NKCC identified the 
protein to be present primarily in basolateral membrane and intracellular regions. This 
indicates that within tick salivary glands, NKCC might function as secondary active 
transporters allowing the migration of Na+, Cl- and K+ ions into the cell which is 
comparable to the results obtained from work done on other secretary epithelia. NKCC 
appears to be concentrated in neck cells surrounding the salivary duct. Prior localization 
studies of other proteins performed within tick salivary glands (unpublished results) also 
showed the proteins to be localized more to the neck cells. Also, tick salivary glands 
exhibit strong auto fluorescence, especially in the neck cells at wavelengths in the range 
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of 400-550nm. The functions of neck cells and the reason for increased fluorescence 
intensities in those cells are unknown and present a challenging and interesting area to 
explore in future studies. Though RNAi is effective in ticks, there are still difficulties in 
getting successful silencing of target genes in all the tissues. Future work should be 
directed at understanding these differences. The results presented demonstrate the 
functional requirement of NKCC for ticks to feed normally, though silencing of the gene 
within the salivary glands was not observed in vivo. Further studies on NKCC may 
indicate silencing of the same gene in other tissues such as the gut, a tissue which is also 
necessary for the process of fluid elimination and concentration of the blood meal in 
feeding ixodid ticks. 
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Figure legends: 
Figure 1: 
A) Amino acid alignment of the cDNA fragment amplified using gene specific primers 
for NKCC from tick salivary glands to the NKCC from the mosquito Aedes aegypti. B) 
RT-PCR using tick salivary glands cDNA as template. Lane1: Low DNA Mass Ladder, 
lane 2:  PCR amplified cDNA fragment (NKCC) and lane 3: PCR amplified control 
cDNA fragment (nSec1). 
Figure 2: 
In vitro RNAi within tick salivary glands: Transcript levels of NKCC compared between 
control and treated glands by performing qRTPCR.  
Figure 3: 
A) Picture of buffer injected ticks feeding on sheep after 14 days of infestation on the 
animal. B) Picture of NKCC dsRNA injected ticks feeding on sheep after 14 days of 
infestation on the animal. C) Average widths (mm) of 5 buffer injected and 5 NKCC 
dsRNA injected ticks measured as they feed on sheep from days 11 to days 14 post 
infestation. 
Figure 4: 
A) Immuno fluorescence observed using a confocal microscope with no secondary 
antibody. B) Immuno fluorescence observed using a confocal microscope after 
incubations with primary mouse NKCC monoclonal antibody and secondary Alexa Fluor 
633 goat anti mouse IgG. 
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Figure 1A 
 
A.a 249 LLRQYSTGASLIVMTLPMPRKGTCTAPMYMAWLEMLTKDMPPFLLVRGNQTSVLTFY
LL+QYS ASLIV+++P+PRKG +AP+YM+WLEMLTKDMPPFLLVRGNQTSVLTFY
Ae.ae 970 LLQQYSKNASLIVLSMPIPRKGIVSAPLYMSWLEMLTKDMPPFLLVRGNQTSVLTFY
Score =  100 bits (248),  Expect = 3e-20 
Identities = 46/58 (79%), Positives = 54/58 (93%), Gaps = 0/58 (0%) 
Frame = -1 
 
A.a- Amblyomma americanum, Ae.ae- Aedes aegypti. 
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Figure 3A 
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Figure 4A 
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Figure 4B 
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RNA interference (RNAi) by soaking ticks in dsRNA solution- Application in 
understanding tick salivary secretions. (Prepared for: Biochemical and Biophysical 
Research Communications). 
Abstract 
Ticks are obligate blood-sucking arthropods and important vectors of pathogens that 
cause numerous human and livestock diseases that cause millions of dollars of loss to the 
livestock industry worldwide. Understanding the molecular mechanisms involved in 
ticks’ ability to vector disease causing pathogens is therefore of great health and 
economic importance. Tick salivary glands are the major route of secretion of proteins, 
fluid and other factors that overcome host immune responses. Tick salivary glands are 
also the route for secretion of pathogens to the host. We have cloned and sequenced 
partial cDNAs of three salivary gland genes, aquaporin 7 (AQP-7), chloride channel 2 
(ClC-2) and sodium bicarbonate co-transporter (NBC) that were hypothesized to be 
functionally important for salivary gland secretion and normal feeding in the lone star 
tick Amblyomma americanum. We then performed RNA interference (RNAi) on these 
genes by soaking unfed adult female Amblyomma americanum ticks in solutions 
containing dsRNA and then allowing the ticks to feed for up to 17 days on host animals. 
We demonstrate reduced and prolonged feeding behaviors and reduced levels of 
transcripts of the genes of interest in whole ticks but surprisingly not in the salivary 
glands as compared to untreated controls. This is the first report of successfully down-
regulating target genes and causing aberrant tick feeding behavior after using the 
simplified technique of soaking ticks in solutions containing double stranded RNA 
(dsRNA) of physiologically relevant genes. Keywords: RNAi, ticks, AQP, NBC, ClC. 
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Introduction:
Ixodid ticks are unique in their feeding habits in comparison to other blood 
feeding arthropods and insects. They feed on hosts for relatively long periods by 
overcoming host immune, inflammatory and pain producing responses [1]. Additionally, 
ticks transmit numerous disease- causing agents to livestock and humans. Significant 
human diseases caused by ticks in the USA are Lyme disease and Rocky Mountain 
spotted fever, the former resulting in untold illness and suffering annually. Understanding 
the process of secretion from the ticks, or from the salivary glands, the major route of 
secretion and excretion of excess fluid, might provide substantial information about how 
ticks feed successfully and more importantly identify targets that could serve as potential 
anti-tick vaccines. 
One aspect of tick feeding that is largely under-emphasized is the copious fluid a 
tick secretes back into the host via the salivary glands thereby concentrating the blood 
meal. An Amblyomma americanum female tick secretes approximately one third to one 
half of the fluid ingested back into the host to concentrate the blood meal [2]. 
Identification of the transport proteins that function in this process is therefore of great 
importance in better understanding the mechanism and regulation of fluid secretion from 
tick salivary glands. Aquaporin-7 (AQP-7) is a relatively newly discovered member of 
the growing list of aquaporins and has been identified to be specifically expressed in the 
adipose tissue and testes in mammals [3], [4]. AQP-7 is classified into the class of 
aquaglyceroporins [5] due to its permeability to glycerol and urea in addition to water. 
Chloride channels are considered to be important in the movement of chloride ions and in 
maintaining the membrane potential, pH regulation and cell volume control [6], [7]. Loss 
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of chloride channel-2 (ClC-2) function in mice leads to degeneration of testes and retina 
[8]. In addition, ClC-2 has been identified to be the channel responsible for the hyper 
polarization – activated chloride current in the salivary glands of mice [9]. Sodium 
bicarbonate co-transporter (NBC) is a member of the SLC4 family of bicarbonate 
transporters and has been identified in a variety of species [10], [11]. NBC functions to 
maintain and regulate pH. These proteins are more likely to be functionally required for 
ticks to secrete and feed as the process of secretion holds a central and crucial place in 
their ability to be voracious long term feeders. 
RNAi [12], [13], a powerful reverse genetics tool has been successfully applied 
over a wide range of research areas including tick research [14- 20]. In this report, we 
utilized RNAi to silence genes encoding AQP7, ClC-2 and NBC by soaking unfed female 
A. americanum ticks in a solution containing dsRNA. The soaked ticks were then allowed 
to feed and we monitored for differences in the feeding patterns. We were able to 
demonstrate reduction in the transcript levels of the target genes, in addition to feeding 
abnormalities in ticks that were soaked in each of the three dsRNAs. Silencing was 
observed in whole ticks but surprisingly not within the salivary glands, the tissue from 
which the cDNA fragments were isolated. Despite this, this is the first report of 
successfully using RNAi in tick research by the simplified method of soaking ticks in a 
dsRNA solution. The method of soaking ticks in a dsRNA solution is much simple than 
injecting or capillary feeding which involve considerable time and labor.  
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Materials and methods: 
Tick rearing: 
A. americanum female ticks were reared at the Oklahoma State University tick 
rearing facility according to methods described by Patrick and Hair [21]. Adult females 
were fed on sheep along with half the number of males to enable mating and normal 
growth. Female ticks were either allowed to feed till repletion (up to 17 days) or removed 
from sheep when they weighed 50-200mg for PCR, cloning and comparing transcript 
levels post- RNAi. Repletion represents the end point of feeding of a female tick after 
which the tick voluntarily detaches from the host skin and starts the preparatory stages for 
laying eggs in case of adults, or molts into the next stage of feeding in case of larvae and 
nymphs. 
Tick salivary glands: 
In order to measure transcript levels of target genes within the salivary glands, 
female ticks were dissected within 4 hours after removal from the host. Tick salivary 
glands were dissected in ice-cold 100 mM 3-(N-morpholino)-propanesulfonic acid 
(MOPS) buffer containing 20 mM ethylene glycol bis-(ß-aminoethyl ether)-N,N,N',N'-
tetraacetic acid (EGTA) (pH 6.8) and used immediately for experiments. 
Cloning of AQP-7, ClC-2 and NBC: 
Total RNA was isolated from 8 salivary glands of partially fed female ticks using 
RNAqueous total RNA isolation kit (Ambion, Austin, TX, USA) following the 
manufacturer’s instructions. cDNA was synthesized from total RNA using Superscript II 
reverse transcriptase (Invitrogen, Carlsbad, CA, USA) using their standard protocol. The 
cDNA was then used as a template for PCR amplifying partial cDNA fragments of the 
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three target genes using gene specific primers. The PCR products were gel purified 
(Qiagen, Valencia, CA, USA) and cloned into a TOPO TA PCRII vector (Invitrogen). 
The cloned insert was transformed and plasmid DNA was isolated using Miniprep kit 
(Qiagen). Recombinant plasmids were sequenced at the OSU Protein/Nucleic Acid 
Resource Facility using an ABI 373A automated DNA sequencer and Prism® Ready 
Reaction Dyedeoxy Terminator Cycle Sequencing Kit (Perkin-Elmer, Norwalk, CT, 
USA). The sequences were then fed onto a database (BLASTX) to check for sequence 
identity at the amino acid level (www.ncbi.nih.gov/BLAST/). 
Synthesis of dsRNA: 
Recombinant plasmids were linearized using appropriate restriction enzymes with 
recognition sites downstream to the insert sequence. The linearized plasmids were the 
templates for in vitro transcription reactions, using the MEGAscript RNAi and SP6 kits 
(Ambion) following the manufacturer’s protocol. The complementary single stranded 
RNAs were pooled together and incubated at 750C for 5 minutes and allowed to anneal at 
room temperature.  
Soaking ticks in dsRNA containing solution: 
Groups of 15 female unfed A.americanum ticks were used for each target gene 
and control experiments. Before soaking the ticks in a dsRNA solution, a few drops of 
acetone were applied to the posterior end of the dorsal surface of the ticks. Following this 
they were incubated in a solution of M199/Mops containing 0.1% DMSO alone or with 
0.1% DMSO and 10 µg of the dsRNA for the target gene. The incubations were 
performed in a 0.5 ml microfuge tube, with 5 ticks in each tube, over a 370C water bath 
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for 90 minutes. After incubation, ticks were removed from the solution and infested on 
sheep along with untreated male ticks. 
RNA isolation from whole ticks: 
Two ticks from each group were removed from host sheep after approximately 12 
days of feeding (50-200mg) and used for RNA isolation. Whole ticks were ground in 
liquid nitrogen using a mortar and pestle. The tissue samples were then homogenized and 
used for RNA isolation using RNAqueous (Ambion) following the manufacturer’s 
guidelines. Two more female ticks from each group were removed from the host sheep 
after 12 days and used for dissection of salivary glands. Total RNA was isolated from the 
salivary glands as detailed earlier. cDNA synthesis was also performed as mentioned 
earlier. 
Real Time PCR: 
cDNA synthesized from each of the groups of ticks were used for real time PCR 
assays using the SYBR Green chemistry in an AB 7500 real time PCR machine (Applied 
Biosystems, Foster City, CA, USA) and gene specific primers.  
Other methods: 
Replete ticks were weighed and placed in individual vials and allowed to lay eggs. 
The vials were placed in a humid chamber at room temperature. After the replete ticks 
completed the process of laying eggs (up to 2 weeks), the ticks were removed from the 
vial and the weights of the egg masses were measured. The ratio of egg mass: replete 
weight was noted [22]. 
 
119
Statistics: 
The bar graph presented represents the mean values with the error bars denoting 
the range of values. Student’s t-test was used to confirm statistical significance of the Q-
RT PCR results. 
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Results: 
Cloning of AQP-7, ClC-2 and NBC: 
Partial cDNA fragments of the three genes were cloned from tick salivary glands. 
The cloned fragment of AQP-7 (GenBank Accession number) was 50% identical to the 
AQP-7 from the African grass rat Arvicanthis niloticus. The ClC-2 fragment was 68% 
identical to the mosquito Aedes aegypti ClC-2 (GenBank Accession number) while the 
NBC (GenBank Accession number) fragment showed 37% identity to the NBC from the 
purple sea urchin Strongylocentrotus purpuratus. (Figure 1A, 1B and 1C). 
RNAi Experiments: 
Transcript levels: 
The RNA levels of the target genes were compared between the untreated and 
dsRNA soaked (treated) ticks, both within whole ticks and within tick salivary glands. 
We observed RNAi mediated knock down of expression of the target gene for each of the 
three genes under investigation in whole ticks, though the degree of knock down was 
different for each gene. The transcript levels of AQP-7 decreased by 80%, ClC-2 
decreased by 50% and the NBC decreased by 70% in response to their respective 
dsRNAs. All values were calibrated with the expression levels of an endogenous control 
(Figure 2).  
Aberrant feeding patterns: 
Untreated and dsRNA treated ticks were fed on the same sheep in adjacent cells. 
Each of the three groups of treated ticks showed no mortality and attached firmly onto the 
host animal. Ticks were allowed to grow to repletion and the time required for repletion 
was noted (Figure 2). All of the control ticks repleted by 14 days while some dsRNA 
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treated ticks took as long as 18 days to replete. The weights of ticks that grew to repletion 
were measured (Figures 3). The differences between the average weights of control and 
any of the three dsRNA treated ticks were not significantly different, though each of the 
dsRNA treated group of ticks had average weights lower than the control ticks. However, 
the minimum weight of a replete tick in the treated group was 32% lower than the 
minimum weight of a replete tick in the control group for the ClC-2 and NBC dsRNA 
treated tick groups while this difference was even more significant (54%) in the AQP-7 
dsRNA treated ticks. This might be due to tick to tick variability. We then tested the 
effect of silencing each one of these genes on tick reproduction. Replete ticks were 
allowed to lay eggs, and the ratios of egg mass/replete weights were calculated (Figure 
4). RNAi mediated knock down of each of the three targeted genes reduced the egg mass/ 
repletion weights ratio by about 9% (NBC and ClC-2 dsRNA) and 14% (AQP-7 dsRNA). 
RNAi mediated silencing of all the three genes in one experiment might result in a more 
adverse phenotype and hence hamper tick feeding. 
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Discussion: 
Ticks as vectors of pathogens have drawn considerable interest in understanding 
how the pathogens survive within the tick and identifying proteins that are expressed 
within the ticks that might play an important role in the pathogen’s ability to survive, 
grow and be transmitted to a vertebrate host [23- 26]. While this yields valuable 
information about one of the several pathogens a tick could transmit, studying the process 
of secretion from the ticks might provide information that could indicate a direction for 
stopping or reducing tick feeding and possibly pathogen transmission. With this rationale 
in mind, we targeted genes encoding proteins that are hypothesized to be important in the 
process of fluid secretion from tick salivary glands.  
Ticks secrete copious amounts of fluid back into the host thereby concentrating 
the blood meal which facilitates tick feeding for relatively long periods on the host. 
Several transport proteins must function in tandem for secretion to proceed normally. 
Past research has identified considerable information about control of tick salivary gland 
secretion but, most of the ion and water transport proteins have yet to be identified [27]. 
In addition to secretion, ion and water channeling proteins function in cell volume 
control, regulating pH and maintaining membrane potential and are expected to be 
necessary in other tissues of the tick.  
In an effort to determine the identity of potential ion and water transport proteins 
in the salivary glands, we cloned cDNA fragments for AQP-7, ClC-2 and NBC. AQP-7 is 
the first known aquaporin to be cloned from the ticks. Tick saliva is alkaline (pH 9.4) and 
the Na+ and Cl- stoichiometry do not balance with the Na+ ion concentration slightly 
higher than the Cl- ion concentration [28]. This observation suggests that, the anion that 
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balances excess Na+ may be HCO3- and hence our interest in NBC. ClC-2 is a 
ubiquitously expressed chloride channel protein that helps maintain optimal intra cellular 
and extra cellular chloride concentrations in various secretary epithelia. We therefore 
picked these genes for RNAi studies.  
RNAi has been successfully employed in ticks for both in vitro and in vivo research. In 
vivo studies were performed by injecting long dsRNAs into unfed ticks and then infesting 
them on the host to feed. In this study, we have performed the RNAi experiments by 
soaking the ticks in a dsRNA solution containing DMSO. Before soaking them in this 
solution, we applied a few drops of acetone to remove the waxy coating on the cuticle. 
Soaking experiments have been performed successfully in the nematode C. elegans, an 
organism that does not have a thick cuticle [29]. Ixodid ticks have a hard tough cuticle 
and so to facilitate entry of dsRNA into the ticks, we used the membrane permeabilizer 
DMSO. Tick survival in a solution containing 0.1% DMSO was tested at different time 
points beginning at 30 minutes (data not shown). Ticks survived for two hours in the 
solution with no marked differences in behavior when compared to non treated ticks. 
Once infested on the host, experimental ticks were compared with groups of ticks that 
were incubated with the solution containing the same constituents except for dsRNA. 
All the genes studied, when silenced by RNAi, caused aberrant tick feeding patterns 
including slower feeding and a slightly lower repletion weight as compared to the non-
dsRNA treated ticks. However, all the ticks fed to repletion and there was no tick 
mortality observed. The data indicate the feasibility of soaking ticks in solutions 
containing dsRNA and demonstrate the functional importance of the three proteins 
targeted in this study. Although, the dsRNA treated ticks demonstrated aberrant feeding 
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as compared to controls, the changes were small. This could indicate that additional 
proteins are expressed in ticks that may complement the functions of the targeted 
proteins. Also, since these proteins are hypothesized to be functionally important, there 
might be isoforms that are expressed in tick cells, as observed in other secretary epithelia, 
which might replace the loss of the targeted proteins and hence the reason for the small 
effect on tick feeding. The reduction in the transcript levels were observed only in whole 
ticks and not in tick salivary glands although the targeted cDNA fragments were isolated 
from salivary glands. Hence, the difference in feeding patterns might be significantly 
different if we were able to achieve successful silencing of the genes in the salivary 
glands. As already observed in prior RNAi studies in mosquitoes [30], achieving 
effective silencing within tick salivary glands might require higher amounts of dsRNA. In 
one earlier study of RNAi in ticks, silencing of the target gene was not observed within 
salivary glands in vivo indicating a similar possibility as observed in mosquitoes, though 
in several others, salivary gland expression could be reduced. Performing RNAi studies 
in ticks by injecting and soaking the same dsRNAs will indicate the effectiveness of one 
method over the other. Immuno fluorescence studies of these proteins within the tick 
salivary glands might be an useful experiment to better understand their functions based 
on their patterns of localization within the salivary gland acini. 
The results presented here do not offer direct evidence of the functions performed 
by these proteins in ticks, the reasons for this is discussed in detail (manuscript 
submitted).  However, the ability of gene silencing through RNAi by soaking ticks 
presents a convenient way of performing such studies, especially for large scale studies. 
Such large scale studies, certainly, will quicken the process of understanding tick biology 
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and direct us towards identifying one or a combination of proteins that might function in 
biologically controlling ticks and their pathogenic effects. 
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Figure legends 
Figure 1: Sequence identity of cloned cDNA fragments of A) AQP-7, B) NBC and C) 
ClC-2 from tick salivary glands. 
Figure 2: RNAi mediated silencing as measured by qRT-PCR of A) AQP-7 transcript in 
AQP-7 dsRNA soaked ticks. B) NBC transcript in NBC dsRNA soaked ticks and C) ClC-
2 transcript in ClC-2 dsRNA soaked ticks.  
Figure 3: Days of repletion of A) Control and dsRNA AQP-7 soaked ticks. B) Control 
and dsRNA NBC soaked ticks and C) Control and dsRNA ClC-2 soaked ticks. 
Figure 4: Replete tick weights of A) Control ticks and AQP-7 dsRNA soaked ticks. 
Average weight of control ticks: 670mg, minimum tick weight: 440mg. Average weight 
of AQP-7 dsRNA soaked ticks: 613mg, minimum tick weight: 206mg. B) Control ticks 
and NBC dsRNA soaked ticks. Average weight of control ticks: 807mg, minimum tick 
weight: 632mg. Average weight of NBC dsRNA soaked ticks: 714mg, minimum tick 
weight: 434mg. C) Control ticks and ClC-2 dsRNA soaked ticks. Average weight of 
control ticks: 807mg, minimum tick weight: 706mg. Average weight of AQP-7 dsRNA 
soaked ticks: 781mg, minimum tick weight: 491mg. 
Figure 5: Egg mass/ replete weights of control, AQP-7 dsRNA treated, NBC dsRNA 
treated and ClC-2 dsRNA treated groups of ticks. 
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